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Summary 


\ 

\  '  -  --4, 

The  general  goal  of  the'CM-126  project  on  "Diesel  Combustion  Funda¬ 
mental  s'*-*  was  to  operate  the  Cooperative  Fuel  Research  engine  for  rating 
diesel  fuels  (cetane  engine)  at  conditions  more  representative  of  modern 

diesel  engines  and  determine  if  results  could  be  obtained  that  would 

better  predict  fuel  behavior  in  modern  engines.  This  goal  was  pursued 

by  installing  extensive  instrumentation  and  data  acquisition  facilities 
on  a  cetane  engine  and  evaluating  the  performance,  emissions  and  com¬ 
bustion  characteristics  of  ten  different  diesel  fuels  that  had  a  wide 
range  of  different  properties. 

After  substantial  experimental  investigation,  operating  conditions 
for  the  cetane  engine  were  established  using  an  engine  speed  of  1200  rpm 
and  a  compression  ratio  of  20:1.  The  engine  speed  was  sufficient  to 
eliminate  data  reproducibility  problems  encountered  at  the  standard 
cetane  rating  speed  of  900  rpm.  The  20:1  compression  ratio  was  selected 
as  a  compromise  between  nominal  values  for  DI  and  IDI  engines.  Detailed 
test,  operation,  and  maintenance  procedures  were  established  to  provide 
consistent  results  from  the  cetane  engine.  ^ _ 

The  ten  fuels  used  in  the  program  were  selected  from  other  research 
programs  dealing  with  diesel  combustion  that  had  either  been  completed 
or  were  in  progress.  Of  particular  interest  were  four  fuels  from  a  U.S. 
Department  of  Energy  sponsored  program  at  Ricardo  Consulting  Engineers, 
Ltd.  and  four  fuels  from  a  program  coordinated  by  CEC  in  Europe.  Both 
of  these  programs  involved  engine  test  work,  and  the  potential  for 
direct  comparison  of  results  between  programs  was  very  high. 

The  ten  fuels  were  evaluated  in  the  cetane  engine,  and  substantial 
performance,  emissions,  and  combustion  data  were  taken  and  analyzed. 
Results,  in  the  form  of  specific  emissions,  imep,  and  combustion  para¬ 
meters  determined  from  apparent  heat  release  computations,  were  prepared 
and  examined.  Similar  data  reduction  was  performed  using  information 
from  Ricardo  on  the  performance  of  the  Ricardo  DI  and  IDI  engines  using 
four  of  the  selected  test  fuels. 

After  review  of  the  results  generated  from  the  cetane  engine  test 
programs  and  the  results  determined  using  data  from  the  DOE/Ricardo  pro¬ 
gram,  the  following  limited  conclusions  were  drawn: 

1.  The  cetane  engine  can  be  operated  at  conditions  more  represent¬ 
ative  of  current  design  diesel  engines  and  provides  consistent 
results  for  engine  performance,  emissions,  and  combustion  char¬ 
acteristics. 

2.  The  results  obtained  indicate  that  the  cetane  number  is  a  good 
indicator  of  fuel  behavior  in  the  cetane  engine. 

3.  Comparison  of  results  between  the  cetane  engine  and  the  Ricardo 
engines  indicated  that  the  fuel  performance  in  the  cetane  engine 
was  not  necessarily  a  good  indicator  of  how  that  fuel  would 
behave  in  the  Ricardo  engines  or  other  commercial  engines  that 
they  represent.  As  might  be  expected,  the  cetane  results  showed 


greater  similarities  to  the  results  for  the  Ricardo  IDI  engine 
than  for  the  DI  engine. 


Since  no  comparisons  have  been  made  with  data  resulting  from  the  CEC 
program  in  Europe,  these  conclusions  must  be  recognized  as  limited  in 
scope.  It  is  recommended  that  this  CRC  program  be  followed  by  another 
program  that  will  make  these  comparisons  to  the  CEC  data  when  it 
becomes  available,  further  refine  the  data  analysis  methods  as  needed, 
and  investigate  cetane  engine  operation  at  low  intake  air  temperatures. 
The  behavior  of  primary  and  secondary  reference  materials  at  these  tem¬ 
peratures  should  also  be  examined. 


1.  Introduction 


The  combustion  quality  of  fuels  for  compression  ignition  engines 
(diesel  fuels  for  diesel  engines)  has  long  been  measured  and  ranked 
using  the  ASTM  standard  D-613,  "Ignition  Quality  of  Diesel  Fuels".  ASTM 
D-613  is  more  commonly  known  as  the  “cetane  rating  procedure",  and  it 
provides  a  single  number  measure  of  combustion  quality  referred  to  as 
the  "cetane"  number.  Fuels  with  lower  "combustion  quality"  have  a  lower 
cetane  number  when  rated  with  the  ASTM  D-613  procedure.  Generally, 
acceptable  combustion  quality  for  a  diesel  fuel  can  be  expected  for 
fuels  with  a  cetane  number  between  40  and  55.  Nominally,  number  2 
diesel  fuels  in  the  United  States  have  a  cetane  number  in  the  mid  to  low 
40 1 s .  Diesel  fuels  with  a  cetane  number  in  the  mid  to  low  30's  would  be 
expected  to  have  poor  combustion  performance  in  diesel  engines. 

Experience  with  atypical  diesel  fuels,  such  as  those  containing 
vegetable  oils,  oil  from  shale,  oil  from  tar  sands,  or  even  heavy  crude 
oils  (references  1-1  through  1-11)  has  indicated  that  the  combustion 
performance  of  these  fuels  was  in  many  instances  not  well  predicted  by 
the  cetane  number.  In  some  instances,  Trevits(l-4) ,  Needham(l-8) ,  Sieb- 
ers(l-9),  and  Ryan(l-ll),  the  combustion  performance  of  a  fuel  having  a 
"low"  cetane  number  has  been  substantially  better  than  might  be  expected 
from  the  cetane  rating  of  that  fuel.  This  is  cause  for  some  concern 
since  it  is  anticipated  that  the  character  of  diesel  fuels  will  change 
as  heavy  crude  oils  and  other  sources  provide  a  larger  fraction  of  the 
liquid  fuels  used  for  transportation.  Although  there  is  some  disagree¬ 
ment  concerning  the  timing  of  these  changes  in  the  transportation  liquid 
fuel  supply,  there  is  little  argument  that  the  changes  will  occur. 

When  the  problem  of  accurately  describing  the  combustion  quality  of 
a  diesel  fuel  from  a  laboratory  test  is  combined  with  the  exhaust  emis¬ 
sions  constraints  for  diesel  engines,  it  is  clear  that  the  cetane  test, 
as  now  constituted,  does  not  provide  information  adequate  to  describe 
the  combustion  performance  of  a  diesel  fuel  in  commercial  diesel 
engines.  Unfortunately,  no  clear  method  or  test  procedure  is  currently 
available  to  adequately  address  these  problems.  Also,  the  cetane  rating 
is  a  legally  accepted  measurement  of  diesel  fuel  quality  with  a  world¬ 
wide  installed  equipment  base.  With  these  facts  in  mind,  the  Light  Duty 
Diesel  Combustion  Committee  of  the  Coordinating  Research  Council  formu¬ 
lated  a  moderate  research  program  to  study  the  feasibility  of  modifying 
the  operating  conditions  and  instrumentation  of  the  cetane  engine  to 
determine  if  it  could  provide  information  directly  applicable  to  commer¬ 
cial  diesel  engines.  This  report  describes  the  conduct  and  results  of 
that  program,  "Diesel  Combustion  Fundamentals  -  Phase  I",  designated  CRC 
project  CM-126. 

1.1  Review  of  the  Cetane  Rating  Procedure 

A  brief  review  of  the  cetane  rating  procedure  is  appropriate  in 
order  to  establish  a  background  for  understanding  the  changes  in  equip¬ 
ment  and  test  procedures  employed  in  this  project.  The  review  will 
begin  with  the  test  apparatus  since  it  is  fundamental  to  the  test  proce¬ 
dure  and  rating. 


The  heart  of  the  experimental  apparatus  is  an  ASTM  Cooperative  Fuel 
Research  (CFR)  engine  manufactured  by  the  Waukesha  Engine  Company.  This 
single-cylinder  engine  consists  of  a  standard  crankcase  with  appropriate 
counter  balancing  for  the  single  piston  and  sufficient  strength  and 
durability  to  survive  engine  operation  at  heavy  knock  and  other  adverse 
operating  conditions.  A  separate  cylinder  and  head  assembly  is  fitted 
to  the  crankcase  depending  upon  the  tests  to  be  performed.  For  cetane 
rating,  a  unique  cylinder  and  head  assembly  is  used.  (See  Figure  1-1  for 
illustration  of  the  following  details.)  This  assembly  consists  of  a 
relatively  simple  cylinder  block  with  integral  cooling  jacket  and  a 
rather  unusual  cylinder  head.  The  cylinder  head  provides  a  flat  top  to 
the  main  combustion  chamber  that  contains  the  flat  topped  piston.  This 
main  combustion  chamber  is  attached  to  a  pre-chamber  of  rather  novel 
design.  The  pre-chamber  is  shaped  in  the  form  of  a  small  cylinder 
placed  on  its  side  at  the  end  and  to  one  side  of  the  top  of  the  main 
cylinder.  It  is  connected  to  the  main  chamber  with  a  small  rectangular 
passage  that  is  tangent  to  the  wall  of  the  small  cylinder  and  exits  on  a 
diameter  of  the  top  of  the  main  chamber.  At  one  end  of  this  small 
cylinder  is  the  pintle  type  fuel  injector.  The  other  end  of  the  small 
cylinder  is  a  moveable  plug  attached  to  a  large  micrometer  screw  for 
accurate  location  in  the  bore  of  the  small  cylinder.  There  is  a  port  in 
the  side  of  the  small  cylinder  (the  top  of  the  cylinder  head)  where  a 
transducer  sensitive  to  rate  of  change  of  pressure  is  installed. 

Instrumentation  for  the  engine  consists  of  the  transducer  for  sens¬ 
ing  rate  of  change  of  pressure,  an  instrumented  fuel  injector  that 
generates  a  signal  proportional  to  rate  of  change  of  lift,  and  induc¬ 
tance  pickups  mounted  to  sense  TDC  and  13  degrees  before  TDC  from  the 
engine  flywheel.  An  electronic  readout  device  uses  the  injector  and 
pressure  signals  (which  have  been  ampl ified,  and  filtered  to  appear  as 
electronic  spikes)  as  discrete  markers  for  identifying  start  of  injec¬ 
tion  and  start  of  combustion,  respectively.  The  timing  information  from 
the  flywheel  inductive  pickups  is  used  to  locate  the  start  of  injection 
relative  to  TDC  and  the  delay  period  before  ignition  (start  of  combus¬ 
tion).  Injection  timing  is  shown  as  crank  angle  degrees  before  TDC  and 
ignition  delay  is  shown  as  the  number  of  crank  angle  degrees  after 
injection.  Thus,  when  the  engine  is  firing  an  operator  has  a  convenient 
indication  of  injection  timing  and  ignition  delay. 

As  with  other  ASTM  fuel  rating  procedures,  cetane  rating  relies  on 
operating  the  engine  at  a  standard  reference  condition  with  the  unknown 
fuel  and  comparing  some  measurable  variable  to  values  obtained  with  two 
reference  fuels  blended  to  "bracket"  the  operation  with  the  unknown. 

For  the  cetane  test,  the  standard  test  condition  is  when  the  injection 
advance  and  the  corresponding  ignition  delay  are  both  13  degrees.  In 
other  words,  injection  is  13  degrees  before  TDC  and  ignition  is  at  TDC. 
Of  course,  other  conditions  such  as  engine  speed  =  900  RPM,  inlet  air 
temperature  =  150°F  (65.6°C),  fuel  flow  =  13  ml/min  must  also  be  main¬ 
tained. 

In  order  for  the  engine  to  be  operated  at  standard  test  conditions 
with  the  three  different  fuels  (unknown,  low  reference,  and  high  refer¬ 
ence),  the  compression  ratio  must  be  changed  to  force  firing  at  TDC. 

This  change  in  compression  ratio  is  measured  as  a  micrometer  reading 
from  the  handwheel  that  controls  the  moveable  plug  motion.  It  is  usu- 
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ally  referred  to  as  the  handwheel  setting.  Each  reference  fuel  is  made 
up  of  a  volume  blend  of  n-cetane  (cetane  number  =  100)  and  heptamethyl- 
nonane  (cetane  number  =  15),  and  the  cetane  number  of  the  blend  is 
determined  in  direct  proportion  to  the  volume  fractions  in  the  blend. 
Thus,  the  cetane  numbers  of  the  reference  blends  bracket  the  cetane 
number  of  the  unknown  fuel,  and  its  cetane  number  is  reported  as  the 
linear  interpolation  of  the  handwheel  settings  for  all  three  fuels  and 
the  known  cetane  numbers  of  the  reference  blends.  The  procedure  is 
essentially  the  same  when  secondary  reference  fuels  (T  and  U  series 
provided  by  Phillips  Specialty  Chemicals)  are  used,  although  a  calibra¬ 
tion  mixing  table  is  supplied  giving  the  cetane  numbers  for  volume 
fractions  of  the  secondary  reference  fuels. 

The  cetane  rating  process  is  time  consuming  and  takes  a  good  deal  of 
care  and  experience  on  the  part  of  the  operator  to  obtain  accurate  and 
reproducible  ratings.  It  is  not  unrealistic  to  observe  differences  of 
up  to  one  cetane  number  for  tests  on  the  same  fuel  in  the  same  engine 
with  the  same  operator  but  done  several  days  apart.  The  net  result  of 
the  process  is  a  single  number  that  can  be  used  for  a  relative  compari¬ 
son  between  different  fuels. 

1.2  Basic  Approach  for  this  Project 

The  basic  concept  behind  the  CRC  Diesel  Combustion  Fundamentals 
project  was  to  study  the  feasibility  of  obtaining  more  useful  informa¬ 
tion  about  diesel  combustion  from  the  cetane  engine.  The  general 
approach  was  to  use  more  modern  instrumentation  on  the  engine  and  oper¬ 
ate  it  at  conditions  that  were  more  representative  of  those  encountered 
in  current  design  diesel  engines.  Independent  variables  to  be  investi¬ 
gated  included  engine  speed,  fuel  injection  timing,  and  fuel  properties 
such  as  distillation  characteristics  and  aromatic  content.  Dependent 
variables  to  be  measured  included  gaseous  and  particulate  emissions, 
power  output  and  fuel  consumption,  and  combustion  characteristics  such 
as  ignition  delay. 

A  primary  goal  for  the  project  was  to  compare  emissions,  perfor¬ 
mance,  and  combustion  characteristics  from  the  cetane  engine  operating 
at  more  realistic  conditions  with  emissions,  performance,  and  combustion 
characteristics  from  diesel  engines  that  employ  current  technology  and 
design.  This  goal  was  an  optimistic  one  since  the  scope  of  the  project 
was  only  to  include  a  test  program  using  the  cetane  engine.  The 
approach  used  to  overcome  this  limitation  in  the  experimental  program 
was  to  use  fuels  from  other  test  programs  that  had  either  been  completed 
or  were  in  progress.  Of  particular  interest  were  programs  that  could 
provide  test  data  for  direct  comparison  with  the  results  of  this  work. 
Three  such  programs  were  identified,  and  the  original  experimental  plan 
called  for  testing  fuels  from  each  of  these  programs  with  the  intention 
of  making  a  comparison  of  results  from  the  cetane  engine  with  results 
from  the  engines  used  in  those  programs. 

The  three  programs  originally  identified  were: 

1.  A  U.S.  Department  of  Energy  sponsored  program  performed  at 
Ricardo  Consulting  Engineers  in  England  entitled  "Investigation 


Into  Alternative  Fuel  Rating  Techniques". (1-12)  This  program  will 
be  referred  to  in  abbreviated  terms  as  the  DOE/Ricardo  program. 


2.  A  CRC  sponsored  program  conducted  by  Southwest  Research  Institute 
entitled  "Study  of  the  Effects  of  Fuel  Composition,  and  Injection 
and  Combustion  System  Type  and  Adjustment,  on  Exhaust  Emissions 
form  Light-Duty  Diesels". (1-13)  The  CRC  project  identification 
was  CAPE-32-80.  This  program  will  be  referred  to  in  abbreviated 
terms  as  the  CAPE-32  program. 

3.  A  program  at  NIPER  that  was  in  the  startup  phase.  The  program 
was  to  use  several  fuels  especially  blended  for  properties 
including  aromatic  content.  Multi-cylinder  engine  tests  were  to 
be  performed  to  include  emissions,  performance,  and  measurement 
of  some  combustion  characteristics. 

In  the  final  test  program  for  this  project,  fuels  from  the 
DOE/Ricardo  program  and  the  CAPE-32  program  were  used.  Fuels  to  be 
blended  for  the  NIPER  program  were  not  available  when  needed,  and  they 
were  replaced  by  four  fuels  from  a  program  being  conducted  under  the 
auspices  of  the  Coordinating  European  Council.  Specific  details  of  the 
changes  and  description  of  the  set  of  ten  fuels  used  are  included  in 
section  2  dealing  with  fuels. 

1.3  General  Conduct  of  the  Work 

Monthly  progress  reports  on  the  project  were  prepared  and  distrib¬ 
uted  to  members  of  the  CRC  Light  Duty  Diesel  Combustion  group.  Addi¬ 
tional  information  was  provided  and  exchanged  on  an  individual  basis  by 
correspondence  and  telephone  conversations.  Direction  from  the  project 
group  was  provided  at  several  meetings  and  a  few  teleconferences.  The 
data  compilation,  analysis,  and  presentation  reflect  a  consensus  of  the 
project  group  and  an  attempt  to  respond  to  individual  requests  insofar 
as  possible.  For  some  aspects  of  the  work,  subcommittees  made  up  of  a 
few  members  have  been  available  as  an  advisory  group  to  assist  in  deal¬ 
ing  with  problems  as  they  arise. 
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2.  FUELS 

One  of  the  primary  goals  developed  in  the  formulation  of  this  pro¬ 
ject  was  to  compare  performance  and  emissions  results  from  the  cetane 
engine  with  performance  and  emissions  results  from  diesel  engines  that 
reflect  current  technology  and  design.  A  major  variable  in  this  compar¬ 
ison  process  was  to  be  a  series  of  fuels  selected  to  have  a  range  of 
properties  that  would  allow  identif ication  of  fuel  property  effects  on 
the  performance  and  emissions  from  an  operating  engine.  Since  the  scope 
of  this  program  was  confined  to  gathering  experimental  data  from  the 
cetane  engine,  the  fuels  to  be  used  were  selected  from  other  test  pro¬ 
grams  that  had  either  been  completed  or  were  already  in  progress. 

2.1  History  of  Fuel  Selection 


During  the  planning  stages  of  this  program  the  CRC  Light-Duty  Diesel 
Combustion  Committee  identified  fuels  from  three  different  programs  that 
could  be  made  available  for  this  project. 


A  program  sponsored  by  the  U.S.  Department  of  Energy  with  Ricardo 
Consulting  Engineers  of  England  was  nearing  completion.  This  project, 
referred  to  as  the  DOE/Ricardo  project,  involved  single  cylinder  engine 
tests  of  eight  different  fuels  with  widely  varying  properties.  Four  of 
these  fuels  were  made  up  entirely  of  normal  petroleum  products.  The 
remaining  four  fuels  involved  alternative  fuel  components  such  as  sun¬ 
flower  oil,  methanol,  coal  liquid,  and  partially  upgraded  shale  oil. 

The  four  fuels  made  up  entirely  of  petroleum  were  considered  to  be  the 
most  suitable  for  this  program.  Preliminary  arrangements  were  made  to 
make  suitable  quantities  of  these  four  fuels  available  for  the  CRC 
project  on  light-duty  diesel  combustion. 


The  second  potential  source  of  fuels  for  this  project  was  the 
CAPE-32  program  conducted  by  Southwest  Research  Institute.  This  work  was 
sponsored  by  the  Coordinating  Research  Council  as  project  CAPE-32-80.  A 
nominally  orthogonal  fuel  set  was  prepared  for  this  project  by  control¬ 
ling  aromatic  content,  10%  distillation  point  and  90%  distillation 
point.  Six  of  the  fuels  f’om  this  set  were  available  for  use  in  this 
test  program.  The  major  problem  with  using  these  fuels  for  the  cetane 
engine  test  program  was  that  the  results  would  have  to  be  compared  to 
vehicle  test  data  generated  in  the  CAPE-32  program. 


The  third  source  for  fuels  to  be  used  in  this  test  program  was  an 
engine  test  program  planned  at  NIPER  to  evaluate  the  combustion  and 
performance  characteristics  of  a  set  of  fuels  blended  for  specific 
properties.  This  evaluation  program  was  to  be  done  using  multi-cyl inder 
current  design  diesel  engines.  The  exact  properties  of  the  fuels  was 
not  yet  defined,  however,  there  was  to  be  significant  variation  in 
aromatic  content  to  study  the  influence  of  this  fuel  variable. 


Once  the  CRC  diesel  combustion  program  was  initiated,  arrangements 
to  obtain  the  appropriate  fuels  from  these  three  programs  were  begun. 
Sufficient  quantities  of  the  DOE  fuels  from  the  Ricardo  program  were 
obtained  through  arrangements  with  Ricardo  in  England.  Although  there 
were  some  delays  in  shipping  and  importing  these  fuels  into  the  country, 
they  did  not  represent  a  problem  in  so  far  as  the  project  itself  was 


■V.vVW -.TV* 


,*  •  •  "  *  »r.  »r_  ,* 


concerned.  The  fuels  obtained  from  Ricardo  were  DOE  #1,  DOE  #2,  DOE  #3, 
and  DOE  #4.  These  identification  numbers  refer  to  the  fuel  identifica¬ 
tion  numbers  used  in  the  DOE/Ricardo  program. 

Similarly,  other  arrangements  were  made  with  Southwest  Research 
Institute  to  obtain  six  fuels  from  the  CAPE-32  program.  The  fuels 
obtained  were  designated  test  fuels  1,  2,  5,  6,  7,  and  8  in  that  pro¬ 
gram.  Sufficient  quantities  of  these  fuels  were  obtained  in  reasonable 
time  so  that  no  delays  were  encountered  in  this  combustion  study  pro¬ 
gram.  The  fuels  are  hereafter  identified  to  as  CAPE  #1,  CAPE  #2,  etc.. 

After  several  delays  it  became  obvious  that  problems  were  being 
experienced  in  fuel  preparation  for  the  NIPER  program.  It  finally 
became  obvious  that  these  fuels  would  not  be  available  in  the  time  frame 
necessary  for  this  research  work  and  so  the  fuels  were  dropped  from  the 
CM-126  project. 

Fortunately,  the  Coordinating  European  Council  was  conducting  a  fuel 
analysis  project  (CF  26)  in  Europe  to  evaluate  the  behavior  of  a  wide 
variety  of  diesel  fuels  in  a  wide  variety  of  diesel  engines  and 
vehicles.  Several  parts  of  this  program  were  laboratory  engine  tests  of 
these  fuels,  many  with  instrumentation  similar  to  that  to  be  used  in 
this  program  with  the  cetane  engine.  Upon  official  request  from  CRC, 
samples  of  four  fuels  from  this  program  were  made  available  for  use  in 
this  study.  The  CEC  identification  numbers  for  these  fuels  were  1,  2, 
2A,  and  3.  The  CRC  Light-Duty  Diesel  Combustion  Committee  selected 
these  fuels  as  covering  the  range  of  properties  most  likely  to  be  of 
interest  in  this  program. 

The  final  selection  of  fuels  tested  reflected  the  need  to  fit  the 
program  within  the  time  and  resources  available  and  to  provide  informa¬ 
tion  that  would  have  the  most  versatility  in  terms  of  analysis  and 
comparisons  to  other  programs.  The  following  ten  fuels  were  the  final 
selections  for  evaluation  in  this  program. 


1. 

DOE 

#1 

6. 

CEC  #2 

2. 

DOE 

#2 

7. 

CEC  #2A 

3. 

DOE 

#3 

8. 

CEC  #3 

4. 

DOE 

#4 

9. 

CAPE  # 5 

5. 

CEC 

#1 

10. 

CAPE  #6 

The  four  DOE  fuels  and  the  four  CEC  fuels  were  selected  because  of 
the  availability  of  engine  test  data  similar  to  that  provided  in  this 
program.  Since  one  of  the  major  objectives  in  this  program  was  to  make 
as  direct  a  comparison  as  possible  between  performance  and  emissions  of 
the  cetane  engine  and  current  design  diesel  engines,  the  priority  for 
testing  these  fuels  was  very  high. 

Since  the  CAPE-32  program  focused  on  vehicle  tests  rather  than 
engine  tests,  it  was  felt  that  comparisons  to  the  cetane  engine  tests 
would  be  less  meaningful  than  for  the  fuels  for  which  engine  test  data 
were  available.  For  this  reason,  the  primary  savings  in  time  and  effort 
to  meet  the  program  resources  was  obtained  by  eliminating  four  of  the 
CAPE-32  fuels.  The  remaining  two  fuels,  number  5  and  number  6,  were 


selected  as  having  comparable  10%  and  90%  distillation  points  but  widely 
differing  aromatic  content. 

2.2  Properties  of  Fuels 


As  previously  mentioned,  there  was  substantial  fuel  property  infor¬ 
mation  available  for  the  fuels  used  in  this  test  program.  Tests  were 
performed  by  a  variety  of  laboratories  to  identify  and  quantify  proper¬ 
ties  that  are  not  normally  reported.  Unfortunately,  these  tests  were 
not  performed  for  all  the  fuels  used  in  this  program  so  they  could  not 
be  used  effectively  in  determining  fuel  property  effects  on  engine 
performance  and  emissions.  The  combined  measured  properties  of  the  ten 
fuels  used  in  this  test  program  are  given  in  Table  2-1.  Appropriate 
footnotes  are  included  at  the  end  of  the  table  to  identify  data  that 
were  not  generated  by  Southwest  Research  Institute. 

Examination  of  Table  2-1  shows  that  two  different  properties 
measurements  were  made  for  DOE  fuel  #1.  Both  of  these  determinations 
were  made  at  Southwest  Research  Institute.  The  information  in  the  first 
column  was  made  when  the  DOE  fuels  were  prepared  for  the  Ricardo  program 
before  shipment  to  England  for  testing.  The  second  measurement  was  made 
near  the  conclusion  of  this  test  program  after  the  fuel  had  been  re¬ 
drummed  in  England  and  shipped  back  to  the  United  States.  Thus,  even 
though  most  of  the  property  data  was  measured  at  Southwest  Research,  it 
was  determined  over  a  period  of  several  years.  During  this  period,  the 
fuels  were  shipped  and  re-drummed  several  times,  and  discrepancies  are 
to  be  anticipated.  For  this  work  the  original  values  of  fuel  properties 
measured  for  the  DOE  #1  fuel  were  used.  It  was  felt  that  this  analysis 
would  be  more  consistent  with  the  values  determined  for  the  DOE  #2,  3 
and  4  fuels  which  were  not  re-analyzed  for  this  program. 
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3.  EQUIPMENT 

3.1  Engine  Test  Apparatus 

The  Cooperative  Fuel  Research  (CFR)  engine  used  in  the  ASTM  D-613 
diesel  fuel  rating  procedure  was  the  major  item  of  equipment  of  interest 
in  this  study.  The  CFR  engine  used  for  rating  diesel  fuels  is  commonly 
called  the  cetane  engine  and  will  generally  be  referred  to  as  such 
throughout  this  report.  As  previously  indicated,  both  the  ASTM  rating 
procedure  and  the  cetane  engine  have  been  called  into  question  as  to 
whether  the  cetane  number  provided  from  the  rating  procedure  provides  an 
adequate  description  of  the  combustion  quality  of  diesel  fuels  in  cur¬ 
rent  design  compression  ignition  engines.  Figure  3-1  illustrates  that 
the  combustion  system  for  the  cetane  engine  is  significantly  different 
than  the  general  arrangement  for  current  design  direct  injection  and 
indirect  injection  combustion  systems. 

One  of  the  major  objectives  of  this  test  program  was  to  operate  the 
cetane  engine  at  conditions  more  representative  of  a  current  design 
diesel  engines  to  determine  if  it  could  provide  performance  and  emis¬ 
sions  results  that  might  be  comparable  to  these  engines.  Modifications 
to  the  cetane  engine  and  test  apparatus  had  to  be  made  to  accomplish 
this  end.  Figure  3-2  schematically  illustrates  many  of  the  major  modi¬ 
fications  made  to  the  engine  system  for  this  program.  Major  changes 
include  the  following: 

1.  The  simple  air  inlet  and  heating  system  has  been  replaced  with  a 
controlled  air  supply  system  that  provides  dry  oil-free  air  at 
precisely  controllable  pressure  and  temperature  conditions  to 
the  engine.  This  system  provided  dramatically  improved  consis¬ 
tency  of  inlet  air  conditions  as  well  as  the  ability  to  measure 
inlet  air  flow. 

2.  The  volumetric  fuel  flow  burette  system  of  the  ASTM  test  proce¬ 
dure  has  been  replaced  with  a  mass  balance  measuring  system. 

This  system  provides  both  improved  precision  of  fuel  flow 
measurement  as  well  as  the  ability  to  accurately  accommodate 
fuels  of  differing  energy  density. 

3.  The  synchronous  motor  normally  used  to  control  the  speed  of  the 
cetane  engine  by  absorbing  or  delivering  power  has  been  removed 
and  replaced  with  a  15  hp  speed  controlled  electric  dynamometer. 
The  dynamometer  provides  the  ability  to  accurately  measure  the 
power  being  produced  by  the  cetane  engine.  This  associated 
speed  control  for  the  dynamometer  system  provides  improved  speed 
regulation  for  the  engine.  Nominal  control  is  plus  or  minus  1 
rpm,  and  plus  or  minus  2  rpm  is  representative  of  worst  cases 
observed  in  operation. 

4.  The  exhaust  stilling  chamber  for  the  cetane  engine  has  been 
modified  to  provide  access  for  three  emissions  probes.  A  pres¬ 
sure  regulating  valve  has  also  been  placed  in  the  exhaust  system 
downstream  from  the  stilling  chamber  to  provide  control  of 
exhaust  pressure  when  needed.  The  three  emission  probes  placed 
in  the  exhaust  stilling  tank  are  located  at  different  positions 
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in  the  tank  so  they  will  not  interfere  with  each  other.  In 
addition,  each  probe  consists  of  a  tube  of  length  somewhat  less 
than  the  diameter  of  the  tank.  The  end  of  the  tube  has  been 
sealed  and  several  sampling  holes  have  been  drilled  into  the 
sides  of  the  tube  for  sampling  at  different  radial  locations  in 
the  stilling  chamber.  It  was  felt  that  this  type  of  probe  would 
provide  an  averaging  effect  across  the  inside  of  the  stilling 
chamber  to  eliminate  any  variations  in  results  due  to  flow 
patterns  that  might  be  developed.  The  sample  line  for  gaseous 
emissions  was  unheated.  The  sample  line  for  the  heated  FID 
hydrocarbon  instrument  was  maintained  at  a  temperature  of  350°F 
(176. 7°C).  The  separate  short  sample  line  for  the  dilution 
tunnel  was  also  heated.  A  Bosch  smoke  sampler  was  installed  in 
the  exhaust  system  downstream  from  the  exhaust  pressure  control 
valve. 

5.  Pressure  gauges  and  thermocouples  were  also  installed  at  numer¬ 
ous  points  in  the  engine  systems  to  monitor  operating  condi¬ 
tions.  A  precision  pressure  gauge  and  thermocouple  for  tempera¬ 
ture  measurement  were  installed  immediately  upstream  of  the 
critical  flow  metering  nozzle  for  the  engine  air  supply  system. 
Accurate  pressure  gauges  and  thermocouples  were  placed  to  mea¬ 
sure  inlet  manifold  pressure  and  temperature,  exhaust  port 
temperature,  and  stilling  chamber  pressure.  Other  gauges  to 
monitor  coolant  temperature,  oil  temperature,  fuel  temperature, 
and  ambient  conditions  were  also  installed. 

These  modifications  to  the  cetane  engine  system  provided  dramati¬ 
cally  improved  control  of  many  of  the  experimental  variables  as  well  as 
improved  instrumentation  for  accurately  measuring  the  operating  condi¬ 
tions  of  the  engine. 

3.2  Emissions  Measurement  Instrumentation  and  Apparatus 
3.2.1  Gaseous  Emissions 

Figure  3-3  is  a  simplified  schematic  diagram  of  the  system  used  to 
measure  gaseous  emissions  from  the  engine  exhaust.  The  exhaust  gas 
constituents  measured  in  this  program  were:  carbon  monoxide  (CO), 
carbon  dioxide  ( CO2 ) ,  oxides  of  nitrogen  (N0X),  oxygen  (O2),  and 
unburned  hydrocarbons  (HC). 

The  instruments  for  measuring  CO  and  CO2  emissions  were  Beckman 
model  864  non-dispersi ve  infrared  analyzers.  A  Thermoelectron  company 
model  10A  chemiluminescent  analyzer  was  used  for  measurements  of  oxides 
of  nitrogen  emissions.  Oxygen  levels  in  the  exhaust  were  measured  with 
a  Beckman  model  742  amperometric  analyzer.  These  instruments  were 
installed  in  a  bench  apparatus  and  supplied  with  a  sample  from  one  of 
the  engine  stilling  chamber  probes  by  an  appropriate  water  trapping  and 
filter  system.  The  internal  connections  of  the  instrument  bench  allowed 
each  of  these  instruments  to  be  checked  for  zero  and  span  values 
frequently  during  daily  operation.  One  or  more  span  gases  connected 
with  concentrations  near  the  range  of  values  expected  from  the  engine 
were  connected  to  each  instrument. 
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A  Beckman  model  402  Heated  Flame  Ionization  Detector  (HFID)  instru¬ 
ment  was  used  for  measuring  unburned  hydrocarbons  in  the  engine  exhaust. 
An  entirely  separate  portable  apparatus  is  used  with  this  instrument. 

The  apparatus  includes  fuel  and  combustion  gases  for  the  instrument  as 
well  as  appropriate  zero  and  calibration  gases.  The  portability  of  the 
instrument  allows  it  to  be  installed  near  the  engine  being  tested  and 
minimizes  the  length  of  heated  sample  line. 

3.2.2  Smoke  and  Particulate  Measurements 

The  measurement  of  smoke  and  particulate  emissions  from  a  diesel 
engine  is  an  important  and  often  difficult  task.  For  the  purpose  of 
this  report  smoke  will  refer  to  a  measurement  of  opacity  or  optical 
density  of  the  undiluted  exhaust  gas.  The  system  available  for  this 
project  was  a  Robert  Bosch  model  EFAW65A  spot-type  smoke  meter.  This 
meter  uses  a  sampling  device  that  draws  a  fixed  volume  of  exhaust  gas  at 
a  controlled  flow  rate  through  a  special  filter.  A  spot  of  soot  forms 
on  the  filter,  and  the  light  absorbance  of  the  soot  is  measured  with  a 
instrument  containing  a  controlled  light  source  and  a  photo  detection 
cell.  The  instrument  measures  a  reading  that  is  proportional  to  the 
density  of  the  soot  spot,  and  thus  to  the  density  of  the  smoke  in  the 
exhaust.  The  units  are  arbitrary  and  are  identified  as  Bosch  units. 

The  reading  is  referred  to  as  the  Bosch  Smoke  Number. 

The  term  particulate  emissions  refers  to  measurements  intended  to 
capture  the  particulate  matter  in  the  diesel  exhaust  for  mass  measure¬ 
ments  and  other  types  of  analyses.  Of  greatest  interest  is  particulate 
matter  that  has  been  exposed  to  a  cooling  and  dilution  process  approxi¬ 
mating  that  of  the  exhaust  plume  leaving  the  exhaust  pipe  and  mixing 
with  the  atmosphere.  The  fact  that  diesel  exhaust  contains  unburned  HC 
emissions  of  high  boiling  point  materials  and  sulfates  from  fuel  sulfur 
leads  to  a  condensation  and  absorption  of  these  materials  on  the  carbon 
particles  in  the  exhaust  during  the  cooling  and  dilution  process  into 
the  atmosphere.  A  dilution  tunnel  is  used  to  cool  and  dilute  the 
exhaust  under  controlled  conditions  so  that  the  particulate  material 
recovered  will  be  representative  of  that  likely  to  occur  during  the 
normal  exhaust  process  to  the  atmosphere. 

In  the  interest  of  space,  cost,  and  experimental  reproducibility,  a 
mini-dilution  tunnel,  patterned  after  one  described  by  MacDonald  et  al . 
(3-1)  was  used  for  sampling  of  particulate  emissions.  A  schematic  for 
this  mini-dilution  tunnel  system  is  shown  in  Figure  3-4.  The  system 
collects  a  portion  of  the  exhaust  from  a  sample  probe  in  the  exhaust 
stilling  chamber  of  the  engine.  Aspiration  of  this  exhaust  material 
through  a  short  heated  line  is  provided  by  a  critical  flow  nozzle 
located  at  the  beginning  of  the  dilution  section  of  the  tunnel.  Dry, 
oil-free  compressed  air  is  supplied  to  the  upstream  side  of  this  conver¬ 
ging-diverging  critical  flow  nozzle.  The  dilution  air  is  heated  to 
provide  a  filter  sample  temperature  of  approximately  125°F  (51. 7°C ) . 

The  supersonic  nozzle  discharges  into  a  straight  section  of  pipe  that 
provides  for  a  fully  turbulent  mixing  of  the  exhaust  sample  and  dilution 
air.  The  diluted  exhaust  is  sampled  something  over  10  diameters  down¬ 
stream  from  the  nozzle  exit.  Sampling  involves  drawing  a  known  amount 
of  diluted  gas  through  a  47  millimeter  Teflon  coated  filter  that  has 
been  previously  weighed.  A  separate  analyzer  is  used  to  measure  the  CO;? 
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level  of  the  dilute  exhaust  at  the  location  in  the  tunnel  from  which  the 
particulate  sample  is  drawn.  By  comparing  the  level  of  CO2  in  the 
dilute  exhaust  to  the  level  of  CO2  in  the  engine  exhaust  and  correcting 
for  background  CO2  and  the  presence  of  water  vapor,  the  dilution  ratio 
provided  by  the  tunnel  can  be  calculated.  Changes  in  the  dilution  ratio 


can  be  easily  made  during  operation  by  changing  the  dilution  air  supply 
pressure  upstream  of  the  supersonic  nozzle.  Back  pressure  in  the  dilu¬ 
tion  tunnel  is  carefully  adjusted  to  one  inch  of  water  with  a  butterfly 
valve  in  the  exhaust  of  the  tunnel  system.  Instrumentation  for  pressure 
and  temperature  measurement  in  various  portions  of  the  dilution  tunnel 
system  provide  the  information  necessary  to  operate  the  tunnel  properly 


and  to  perform  the  computations  necessary  for  determining  the  mass  of 
particulates  collected  per  cubic  meter  of  engine  exhaust  flowing.  The 
nominal  dilution  ratio  used  for  this  test  program  was  10:1. 


3.3  Combustion  Instrumentation 


§ 


A  major  requirement  of  the  program  was  to  make  transient  measure¬ 
ments  of  the  cylinder  pressure,  pre-chamber  pressure,  and  fuel  injector 
behavior  during  the  combustion  process.  These  measurements  would  give 
some  insight  into  the  combustion  process  in  the  cetane  engine.  Instru¬ 
mentation  for  cetane  rating  does  not  provide  a  direct  measurement  of 
cylinder  or  pre-chamber  pressure  or  injector  lift  characteristics. 
Measurement  of  cylinder  pressure,  pre-chamber  pressure,  and  injector  lift 
provides  information  that  can  be  directly  compared  to  data  from  other 
engines.  This  information  is  also  used  in  the  computation  of  combustion 
parameters  describing  the  fractions  of  premixed  and  diffusion  burning. 

Modifications  were  made  to  the  cylinder  head  for  the  cetane  engine 
to  place  an  AVL  8QP505CA  pressure  transducer  in  a  position  to  measure 
main  chamber  pressure.  The  pressure  pickup  hole  in  the  pre-chamber  was 
large  enough  to  fabricate  an  adapter  that  would  allow  both  a  Kistler 
model  6001  pressure  transducer  and  a  small  optical  window  to  be  mounted 
in  the  pre-chamber.  Both  modifications  are  shown  schematically  in  Figure 
3-5. 

Considerable  problems  were  encountered  in  obtaining  proper  operation 
of  the  AVL  pressure  transducer  for  measuring  main  chamber  pressure. 
Initially,  the  problems  were  related  to  proper  sealing  for  the  electri¬ 
cal  connections  in  the  system.  After  these  problems  were  resolved,  a 
major  problem  developed  in  that  the  transducer  diaphragm  failed  catas¬ 
trophically  after  approximately  50  hours  of  operation.  The  major  con¬ 
cern  was  that  there  was  no  obvious  cause  for  this  failure.  There  was 
some  evidence  of  corrosion  around  the  weld  seams  of  the  diaphragm; 
however,  even  analysis  by  the  manufacturer  could  not  provide  a  clear 
indication  of  what  caused  the  failure.  The  transducer  being  used  ini¬ 
tially  was  an  AVL  8QP500CA.  This  transducer  was  replaced  by  a  model 
8QP505CA  which  was  a  new  style  of  transducer  for  this  application.  The 
major  differences  between  the  two  transducers  was  that  the  model 
8QP505CA  was  equipped  with  a  combustion  shield  to  protect  the  sealing 
diaphragm  from  direct  exposure  to  the  combustion  chamber.  Once 
installed,  no  further  problems  were  experienced  with  the  main  cylinder 
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One  of  the  initial  objectives  in  the  project  was  to  measure  the 
start  of  combustion  by  sensing  illumination  since  it  was  thought  this 
might  be  a  more  sensitive  process  than  inferring  the  start  of  combustion 
from  pressure  data.  The  optical  window  in  the  pre-chamber  adapter  was 
prepared  for  just  this  function.  Unfortunately,  determining  the  start 
of  combustion  by  sensing  illumination  did  not  provide  satisfactory 
results  in  this  application.  There  were  two  major  reasons  for  disconti¬ 
nuing  the  use  of  this  sensor  system.  First,  the  location  of  the  window 
was  such  that  it  did  not  see  a  large  enough  volume  of  the  pre-chamber  to 
insure  that  luminosity  from  the  start  of  combustion  would  appear  in  the 
field  of  view.  Within  the  range  that  the  pre-chamber  adapter  and  the 
optical  window  could  be  adjusted  or  modified,  several  different  posi¬ 
tions  for  placing  the  window  were  tried.  Unfortunately,  the  positions 
that  provided  better  results  in  terms  of  field  of  view  did  not  receive 
adequate  cleaning  action  from  the  flame  and  the  window  would  soot  up 
after  a  few  minutes  of  operation.  When  the  optical  window  was  located 
in  a  position  that  it  received  cleaning  action  from  the  flame,  it  was 
not  located  appropriately  to  view  start  of  combustion.  The  second  major 
problem  that  was  encountered  was  that  the  lifetime  of  the  quartz  window 
appeared  to  be  on  the  order  of  50  hours  of  operation.  Since  each  window 
represented  a  considerable  expense  in  terms  of  purchase  cost  and  shop 
time  to  modify  it  for  this  application,  combustion  luminosity  measure¬ 
ments  were  terminated. 

The  modifications  to  the  cetane  engine  head  allowed  modern  design 
pressure  transducers  to  be  placed  for  measuring  both  pre-chamber  and 
main  chamber  pressures  during  combustion.  The  next  step  in  improving 
the  instrumentation  of  the  engine  was  to  modify  the  fuel  injector  for  a 
modern  transducer  that  would  measure  injector  lift  rather  than  something 
proportional  to  rate  of  change  of  lift  that  the  current  cetane  instru¬ 
mentation  provides.  The  approach  used  for  this  modification  is  shown  by 
the  two  portions  of  Figure  3-6.  The  upper  figure  of  Figure  3-6  illus¬ 
trates  the  approach  used  with  the  standard  cetane  engine  instrumentation 
to  determine  rate  of  change  of  lift.  Essentially,  the  lower  spring  seat 
of  the  injector  return  spring  has  a  long  extension  that  passes  through 
the  spring  and  the  adjustment  nut  of  the  injector  and  extends  beyond  the 
end  of  the  injector  body  to  a  point  near  the  pole  piece  of  a  coil  type 
pickup.  The  velocity  of  the  end  of  this  extension  relative  to  the  pole 
piece  induces  a  current  in  the  coil  pickup  that  is  related  to  the  velo¬ 
city  of  injector  lift.  This  method  is  appropriate  for  determination  of 
start  of  injection;  however,  it  provides  no  information  about  the  injec¬ 
tor  lift  characteristic  that  might  be  used  in  determination  of  instanta¬ 
neous  fuel  flow.  This  system  was  replaced  by  using  a  Hall  effect  micro¬ 
sensor  manufactured  by  Wolff  Controls  Corporation.  This  sensor  system 
uses  a  tiny  but  very  powerful  magnet  attached  to  the  lower  spring  seat 
of  the  injector  needle  return  spring.  A  microsensor  that  slips  inside  a 
sheath  less  than  3  mm  in  diameter  is  located  near  the  end  of  this  magnet 
with  appropriate  clearance  under  full  lift  conditions.  With  an  appro¬ 
priate  power  supply,  this  system  provides  a  strong,  noise-free  signal 
that  is  proportional  to  injector  lift.  The  lower  portion  of  Figure  3-6 
illustrates  how  the  injector  was  modified  to  incorporate  this  new  lift 
measurement  system.  The  system  has  been  very  reliable,  and  no  problems 
have  been  experienced  with  its  operation. 
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NORMAL  CETANE  RATING  INJECTOR  LIFT  SENSING 


MODIFIED  INJECTOR  LIFT  SENSING 
Figure  3-6  Changes  in  Fuel  Injector  for  Lift  Transducer 


In  order  to  estimate  the  approximate  instantaneous  fuel  flow  into 
the  combustion  chamber,  not  only  needle  lift  information  is  needed  but 
the  pressure  difference  across  the  injector  must  also  be  known.  The 
pre-chamber  pressure  transducer  will  provide  the  downstream  pressure  on 
the  injector.  In  order  to  measure  fuel  pressure  upstream  of  the  injec¬ 
tor,  an  AVL  7QP2000A  pressure  transducer  was  installed  at  the  inlet  of 
the  modified  fuel  injector  using  a  model  DG10006  injection  line  adapter. 
This  system  provided  a  reasonably  close  coupled  upstream  pressure  trans¬ 
ducer  that  did  not  require  major  modifications  to  the  fuel  injector 
itself.  Once  initially  calibrated,  virtually  no  problems  were  encoun¬ 
tered  with  this  system. 


An  initial  desire  in  the  test  program  was  to  measure  engine  blowby 
during  the  test  program  to  determine  if  sufficient  wear  was  occurring  in 
the  engine  to  influence  the  results.  Measurement  of  blowby  in  the  CFR 
engine  would  be  difficult  due  to  the  construction  of  the  engine  and  its 
crankcase.  However,  since  the  intent  was  a  quality  check  of  the  upper 
cylinder  condition,  a  variable  reluctance  pressure  transducer  was 
installed  to  measure  crankcase  pressure  on  a  dynamic  basis.  The  sensi¬ 
tivity  of  this  transducer  was  such  that  any  significant  blowby  would 
appear  as  a  distortion  of  the  pressure  in  the  crankcase.  This  system 
worked  satisfactorily  throughout  the  test  program,  and  no  indication  of 
increased  blowby  or  upper  cylinder  wear  was  encountered. 


3.4  Computer  Data  Acquisition  Equipment 


The  requirements  for  computing  combustion  parameters  related  to 
premixed  combustion  and  diffusion  combustion  could  only  be  met  by  using 
a  computer  data  acquisition  system  to  record  the  appropriate  pressure 
and  injector  lift  information.  The  requirements  for  this  computer  data 
acquisition  system  were  relatively  difficult.  In  terms  of  data  quality 
analysis,  it  was  desirable  to  acquire  approximately  100  consecutive 
cycles  to  provide  estimates  of  the  average  cycle  and  a  statistically 
meaningful  deviation  from  the  average  cycle.  Even  with  samples  taken 
only  once  each  crank  angle  degree,  a  large  amount  of  fast  access  memory 
is  required  to  store  information  for  100  consecutive  cycles.  Unfortu¬ 
nately,  a  resolution  of  one  sample  for  each  crank  angle  degree  is  not 
nearly  adequate  to  capture  the  detail  needed  during  the  combustion 
process.  Samples  every  one  or  two-tenths  of  a  degree  would  be  more 
appropriate  for  the  pressure  and  injector  lift  measurements  near  top 
dead  center  during  the  combustion  process.  These  requirements  of  high 
sampling  rates  and  storage  of  a  large  number  of  cycles  tend  to  be 
mutually  exclusive.  For  this  program,  a  hybrid  data  acquisition  system 
has  been  developed  using  an  IBM  model  XT  personal  computer  system 
equipped  with  a  data  acquisition  subsystem  and  a  Norland  model  2001 
processing  digital  oscilloscope.  A  schematic  of  this  system  is  shown  in 
Figure  3-7. 


The  hybrid  data  acquisition  shown  in  Figure  3-7  relies  on  two  major 
features.  The  first  feature  is  a  laboratory  data  system  that  performs 
signal  conditioning  and  switching  functions  for  the  transient  sensors 
used  in  the  experiment.  The  second  important  feature  of  the  system  is  a 
communication  link  between  the  Norland  processing  digital  oscilloscope 
and  the  IBM  personal  computer.  The  personal  computer  can  also  access  a 
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Processing  System 


local  printer,  a  local  plotter,  and  a  communication  link  with  the  main¬ 
frame  IBM  computer  in  the  UMR  Computer  Center. 

In  operation,  the  laboratory  data  system  routes  all  channels  of 
information  to  the  data  acquisition  subsystem  in  the  IBM  personal  com¬ 
puter.  Sampling  of  the  appropriate  information  is  determined  by  appro¬ 
priate  software  written  for  the  personal  computer.  The  personal  com¬ 
puter  system  is  used  to  sample  data  every  crank  angle  degree  for  the  720 
degrees  in  each  cycle.  It  can  acquire  up  to  143  consecutive  cycles  of 
pressure  data.  The  shaft  encoder  attached  to  the  engine  crankshaft 
provides  clock  pulses  every  crank  angle  degree  that  are  used  to  drive 
the  sampling  of  the  personal  computer  data  acquisition  system.  Appro¬ 
priate  software  logic  uses  the  top  dead  center  pulses  from  the  shaft 
encoder  and  the  level  of  the  cylinder  pressure  to  ensure  that  data 
acquisition  starts  at  TDC  when  the  valves  are  open.  After  the  cycle 
data  has  been  acquired,  a  graphic  display  showing  the  average  of  the 
first  ten  cycles  provides  for  an  immediate  quality  check  of  the  data. 

If  the  graphic  display  indicates  that  the  data  is  reasonable,  then  the 
memory  image  of  the  data  is  stored  on  the  diskette  that  contains  all  the 
data  for  the  particular  test  condition. 

The  Norland  processing  digital  oscilloscope  is  used  to  acquire  data 
at  the  sample  intervals  from  the  0.1  to  0.2  crank  angle  degrees  for  a 
range  of  approximately  100  crank  angle  degrees  during  the  combustion 
process.  The  laboratory  data  system  uses  information  from  the  shaft 
encoder  and  cylinder  pressure  measurement  to  trigger  the  Norland  pro¬ 
cessing  digital  oscilloscope  exactly  40  crank  angle  degrees  before  top 
dead  center.  In  this  way,  data  taken  using  the  processing  digital 
oscilloscope  can  be  directly  correlated  with  data  taken  using  the  per¬ 
sonal  computer  system.  The  laboratory  data  system  allows  any  two  chan¬ 
nels  of  information  to  be  switched  to  the  Norland  processing  digital 
oscilloscope  for  high  speed  data  acquisition.  Pre-chamber  pressure  and 
cylinder  pressure  are  recorded  with  the  Norland  processing  oscilloscope 
at  the  same  time  that  the  cylinder  pressure  is  being  acquired  using  the 
personal  computer  data  acquisition  system.  Other  channels  of  informa¬ 
tion  are  measured  using  the  processing  oscilloscope  in  quick  succession 
until  all  channels  of  interest  have  been  measured.  The  processing 
oscilloscope  is  set  to  average  50  cycles  of  information,  and  some  data 
smoothing  and  processing  is  done  using  the  features  of  the  processing 
oscilloscope.  The  processed  data  are  then  sent  to  the  personal  computer 
through  the  communication  link  and  stored  on  the  data  diskette  for  the 
given  test  condition. 

The  personal  computer  system  is  used  as  the  primary  control  device 
for  the  entire  data  acquisition  operation.  Extensive  software  has  been 
prepared  to  prompt  the  operator  for  entry  of  appropriate  laboratory 
data.  This  software  also  computes  other  useful  information  such  as 
air-fuel  ratio  and  dilution  ratio  for  use  in  engine  and  system  adjust¬ 
ments,  and  stores  all  information  in  an  organized  fashion  on  the  dis¬ 
kette  for  the  given  data  run.  The  personal  computer  system  is  also  used 
extensively  in  the  data  reduction  process  and  in  preparing  printed  and 
plotted  output. 


4.0  TEST  PROGRAM 


One  of  the  major  goals  of  this  research  program  was  to  operate  the 
cetane  engine  at  more  realistic  conditions  to  determine  if  the  perfor¬ 
mance,  emissions,  and  combustion  characteristics  would  be  more  represen¬ 
tative  of  current  design  diesel  engines.  The  two  most  fundamental 
changes  made  in  the  engine  operating  conditions  were  to  increase  the 
compression  ratio  and  operate  the  engine  at  an  optimum  injection  timing 
point. 

The  original  work  statement  for  this  project  specified  a  compression 
ratio  of  20:1.  This  compression  ratio  represents  a  substantial  increase 
over  the  nominal  compression  ratio  used  in  rating  diesel  fuel.  For  a 
nominal  number  2  diesel  fuel  the  compression  ratio  used  for  cetane 
rating  is  in  the  range  of  12:1  to  15:1.  The  value  of  20:1  compression 
ratio  represents  a  compromise  between  compression  ratios  for  DI  engines, 
nominally  in  the  range  of  16:1  to  19:1,  and  compression  ratios  for  IDI 
engines,  nominally  in  the  range  of  22:1  to  24:1. 

The  cetane  rating  procedure  uses  a  fixed  injection  timing  of  13 
°BTDC.  The  ignition  delay  of  the  given  fuel  is  forced  to  be  13  crank 
angle  degrees  by  adjusting  the  compression  ratio  such  that  combustion 
begins  at  TDC.  Bracketing  the  compression  ratio  of  the  unknown  fuel 
with  different  compression  ratios  for  reference  fuel  blends  is  used  to 
estimate  the  cetane  number  of  the  unknown  fuel.  Since  the  compression 
ratio  for  this  program  was  fixed,  the  procedure  of  using  a  fixed  injec¬ 
tion  timing  of  13  °BTDC  would  have  little  meaning  in  terms  of  optimum 
combustion.  For  this  reason,  optimum  injection  timing  was  established 
as  one  of  the  major  reference  test  conditions.  The  use  of  optimum 
timing  would  also  allow  study  of  the  effects  of  a  fixed  number  of  crank 
angle  degrees  injection  retard  on  the  engine  performance,  emissions,  and 
combustion  characteristics. 

Many  other  minor  changes  in  the  operating  procedures  and  conditions 
were  used  in  this  test  program.  The  details  of  these  changes  in  test 
conditions  and  operating  procedures  are  included  in  the  following  sec¬ 
tions. 

4.1  Test  and  Operating  Conditions 

The  initial  test  plan  called  for  taking  a  complete  set  of  data  at 
900  rpm  for  all  test  fuels.  Additional  data  were  to  be  taken  at  two 
higher  engine  speeds  in  an  effort  to  determine  how  engine  speed  might 
influence  results  from  the  cetane  engine.  Previous  experience  with  the 
cetane  engine  operating  at  900  rpm  had  indicated  that  significant  prob¬ 
lems  could  be  anticipated  in  obtaining  consistent  data,  particularly  in 
the  measurement  of  HC  emissions  and  mass  particulates.  By  careful 
refining  of  the  test  procedures,  it  was  possible  to  obtain  reasonable 
consistency  during  this  test  program,  particularly  with  the  20:1  com¬ 
pression  ratio.  Data  for  all  four  fuels  from  the  DOE/Ricardo  program 
had  been  taken  when  operational  problems  with  the  engine  were  observed. 
The  operational  problems  were  traced  to  a  failure  of  the  roller  cam 
follower  in  the  fuel  injection  pump.  The  roller  cam  follower  was 
replaced,  and  after  break-in  operation  a  qualification  data  run  was 
performed  to  determine  if  the  engine  was  providing  results  consistent 


with  previous  data.  Unfortunately,  the  results  obtained  using  the  new 
cam  were  sufficiently  different  from  previous  results  to  create  a  sig¬ 
nificant  data  discrepancy.  Also,  emission  data  results  using  the  new 
cam  were  not  nearly  as  consistent  as  those  obtained  using  the  previous 
cam.  Additional  tests  indicated  that  the  cetane  rating  capability  of 
the  engine  was  essentially  the  same  for  the  new  cam  as  it  had  been  for 
the  old  cam.  Thus,  the  changes  in  the  new  cam  that  caused  the  differ¬ 
ence  in  emissions  results  from  the  engine  were  subtle  enough  that  they 
had  no  apparent  effect  on  the  cetane  rating  capabilities  of  the  engine. 

After  a  substantial  amount  of  time  had  been  invested  in  trying  to 
resolve  the  problems  of  inconsistent  emission  measurement  results  from 
the  new  cam,  it  was  concluded  that  the  900  rpm  operating  condition  was  a 
marginal  condition  for  this  engine  and  very  slight  changes  in  the  engine 
or  in  the  operating  procedure  would  produce  a  significant  variation  in 
results.  This  conclusion  is  reinforced  by  the  significant  problems 
encountered  in  previous  test  programs  in  trying  to  obtain  consistent 
emissions  data  from  this  engine  at  the  900  rpm  operating  condition. 

The  900  rpm  operating  speed  was  selected  because  it  is  the  speed 
used  in  the  ASTM  D-613  rating  procedure.  Since  this  speed  is  not  indic¬ 
ative  of  a  nominal  operating  condition  for  a  current  design  light-duty 
diesel  engine,  a  new  set  of  operating  conditions  at  1200  rpm  was  estab¬ 
lished.  A  series  of  preliminary  tests  at  full,  medium,  and  light  loads 
indicated  that  this  operating  speed  provided  considerably  better  opera¬ 
tional  stability  of  the  engine  and  more  consistent  emissions  results. 

The  1200  rpm  operating  speed  was  also  convenient  in  that  it  would  allow 
direct  comparison  to  data  from  the  DOE/Ricardo  program  taken  at  1200 
rpm. 

The  specific  details  of  the  1200  rpm  operating  condition  for  the 
engine  are  given  in  Table  4-1.  Three  load  conditions  corresponding  to 
full,  medium,  and  light  load  were  established.  The  air-fuel  ratio  was 
used  to  set  these  load  conditions  with  20:1,  30:1,  and  40:1  correspond¬ 
ing  to  full,  medium,  and  light  load,  respectively.  The  other  operating 
conditions  shown  in  Table  4-1  are  basically  self-explanatory  with  the 
possible  exception  of  Injector  Coolant  Temperature.  The  cetane  engine 
uses  the  standard  boiling-water  condenser  system  to  maintain  the  temper¬ 
ature  of  the  coolant  used  for  cooling  the  cylinder  and  head.  The  fuel 
injector  has  a  separate  cooling  system  supplied  by  a  parallel  leg  from 
the  condenser  coolant  loop  of  the  boiling-water  condenser  cooling  sys¬ 
tem.  By  controlling  the  flow  through  this  leg,  the  separate  water 
jacket  around  the  fuel  injector  is  controlled  to  a  temperature  of  100°F 
(37.8°C).  This  arrangement  provides  improved  viscosity  control  in  the 
fuel  injection  process. 

The  operating  conditions  for  the  mini-dilution  tunnel  used  for  mass 
particulates  sampling  are  given  in  Table  4-2.  The  air  pressure  upstream 
of  the  sample  aspiration  nozzle  was  subject  to  some  variability  since  it 
was  used  to  adjust  the  dilution  ratio  in  the  tunnel.  Gradual  buildup  of 
soft  carbon  in  the  sample  probe  caused  minor  changes  in  sample  flow 
drawn  into  the  tunnel,  thus  requiring  changes  in  tunnel  flow  to  maintain 
the  dilution  ratio.  The  remaining  mini-dilution  tunnel  operating  condi¬ 
tions  are  self  explanatory. 


Cetane  Engine  Test  Conditions 


Compression  Ratio 
Engine  Speed 
Injection  Timing 
Fuel  Flow 


=  20:1 
=  1200  RPM 

=  Optimum  or  5°  Retarded 

=  Mass  flow  to  provide  nominal  Air/Fuel 
ratios  of  20:1,  30:1,  and  40:1 


Inlet  Air  Temperature 
Inlet  Air  Pressure 
Inlet  Air  Humidity 
Exhaust  Pressure 


150  °F  ±1  °F 

14.4  psia  ±0.1  psia 

Less  than  -10  °F  Dew  Point 

0  to  1  inch  of  water  in  stilling 
chamber 


Oil  Temperature 
Coolant  Temperature 

Injector  Coolant 
Temperature 


=  150  °F  ±5  °F 

=  211  to  212  °F  (dependent  on  baromet 
ric  pressure) 

=  100  °F  ±1  °F 


Table  4-2 

Particulate  Dilution  Tunnel  Operating  Conditions 


Air  Pressure  Upstream  of  = 
Sample  Aspiration  Nozzle 

Back  Pressure  in  Tunnel  = 

Nominal  Dilution  Ratio  = 

Temperature  at  Sample  = 

Point  in  Tunnel 

Temperature  at  = 

Particulate  Filter 

Sample  Flow  Through  = 

Particulate  Filter 


30  to  40  psia  (depending  on 
sample  line  condition) 

1  inch  of  water 

10:1  -0.5  to  +0.8 

150  °F  ±1  °F 

125  °F  -5°F  to  +2°F 

75  cfh  ±5  cfh 


The  loss  of  time  and  resources  encountered  by  discarding  the  data 
taken  at  900  rpm  led  to  a  reevaluation  of  the  work  that  could  be  com¬ 
pleted  in  this  program.  It  was  established  that  a  complete  set  of  data 
at  the  1200  rpm  operating  condition  would  be  a  reasonable  expectation 
for  the  remaining  time  and  resources.  For  this  reason,  test  conditions 
at  other  engine  speeds  were  eliminated  from  the  program. 

4.2  Test  and  Operating  Procedures 

The  use  of  the  cetane  engine  over  the  past  several  years  for 
research  projects  with  diesel  fuels  has  allowed  the  accumulation  of  a 
significant  amount  of  experience  with  this  device  used  to  measure  per¬ 
formance  and  emissions.  One  of  the  major  problems  in  using  the  cetane 
engine  for  this  type  of  work  has  been  the  difficulty  in  obtaining  con¬ 
sistent  and  reproducible  results  from  one  day's  operation  to  the  next. 
Two  different  commercial  engines,  one  with  a  DI  combustion  system  and 
the  second  with  a  IDI  combustion  system,  have  been  tested  using  the  same 
dynamometer  and  emission  measurement  system  and  found  to  provide  sub¬ 
stantially  more  consistent  results  than  the  cetane  engine.  The  DI 
engine  was  a  John  Deere  3164D,  modified  for  single  cylinder  operation. 
The  IDI  engine  was  a  single  cylinder  Kubota,  model  EA-450N.  More 
details  about  these  engines  are  given  in  references  (4-1,  4-2,  and  4-3). 

In  addition  to  giving  more  consistent  test  results,  these  engines 
require  little  or  no  daily  maintenance  other  than  fluid  checks  and 
scheduled  oil  changes.  The  cetane  engine,  on  the  other  hand,  requires 
substantial  daily  maintenance  to  achieve  reasonable  consistency  in 
emissions  results.  The  following  sections  are  devoted  to  outlining  the 
test  procedures  used  for  this  project.  Special  attention  has  been  given 
to  describing  the  specialized  procedures  used  with  the  cetane  engine 
that  have  been  developed  over  the  last  several  years. 

4.2.1  System  Startup 

At  the  beginning  of  each  day's  operation  the  cetane  engine  was 
started  with  the  dynamometer  and  operated  using  a  nominal  number  2 
diesel  fuel  normally  used  for  diesel  certification  testing.  The  normal 
period  required  to  bring  the  engine  to  operating  stability  was  approxi¬ 
mately  1  hour.  During  this  time  the  compression  plug  was  moved  and 
reset  to  the  handwheel  reading  required  for  the  20:1  compression  ratio. 
This  procedure  was  necessary  to  avoid  seizure  of  the  plug  due  to  carbon 
deposits.  The  crankcase  of  the  engine  is  made  up  of  several  large 
castings,  and  at  least  one  hour  of  operation  is  required  before  the  oil 
temperature  has  stabilized.  Oil  temperature  stability  and  the  associ¬ 
ated  viscosity  control  are  important  because  of  the  high  mechanical 
frictional  losses  for  the  cetane  engine. 

During  the  warm-up  period  the  engine  is  operated  at  a  full-load 
condition  corresponding  to  20:1  air-fuel  ratio.  After  the  engine  has 
been  warmed  up  for  approximately  one-half  hour,  the  emissions  instru¬ 
ments  are  used  to  set  the  air-fuel  ratio  to  20:1.  During  this  period 
the  computer  data  acquisition  system  and  the  processing  digital  oscillo¬ 
scope  have  been  used  to  maintain  injection  timing  near  the  optimum 
value.  For  the  next  15  to  30  minutes  data  traces  for  pre-chamber  pres¬ 
sure,  cylinder  pressure,  injector  lift,  and  injector  pressure  are 


examined  to  ensure  that  the  engine  is  operating  in  a  consistent  fashion. 
Nominal  emissions  measurements  are  also  being  made  with  particular 
attention  being  given  to  HC  emissions  and  to  Bosch  smoke  readings  since 
these  variables  seem  to  be  most  sensitive  to  problems  with  the  fuel 
injection  system  of  the  engine.  If  a  problem  is  obvious,  the  engine  is 
shut  down  immediately  and  the  appropriate  corrective  action  is  taken. 
Many  times,  simply  removing  the  injector  nozzle  and  cleaning  it  will 
resolve  problems. 

At  the  beginning  of  the  warm-up  period,  the  engine  is  operated 
directly  from  room  air.  A  simple  solenoid  valve  instantaneously 
switches  operation  between  room  air  and  the  high  pressure  air  system 
used  to  provide  controlled  pressure  and  inlet  humidity  conditions.  When 
the  warm-up  period  is  concluded,  the  engine  is  switched  over  to  the  high 
pressure  air  system,  and  the  fuel  is  changed  over  from  the  warm-up  fuel 
to  the  test  fuel  to  be  used.  The  engine  is  normally  operated  for  an 
additional  20-30  minutes  with  the  test  fuel  and  the  high  pressure  air 
system  before  data  is  recorded.  During  this  time,  fine  adjustments  a^e 
being  made  to  establish  the  20:1  air-fuel  ratio  and  optimum  injection 
timing.  Because  of  a  problem  associated  with  taking  motoring  data,  the 
inlet  air  pressure  for  the  engine  is  set  at  the  value  observed  while 
operating  the  engine  from  room  air. 

During  the  period  that  the  engine  is  warming  up,  high  pressure 
humidity  controlled  air  is  passed  through  the  mini-dilution  tunnel.  The 
inlet  air  heater  is  controlled  by  a  temperature  sensor  at  the  sampling 
point  in  the  tunnel  to  bring  the  temperature  of  the  flowing  gas  to  150°F 
(65.6°C)  at  that  point.  During  this  warm-up  operation,  heated  air  is 
also  drawn  through  the  particulate  sample  system  to  bring  all  the  parts 
of  this  system  to  an  equilibrium  temperature  condition.  The  short 
sample  line  between  the  exhaust  stilling  chamber  for  the  engine  and  the 
aspirating  nozzle  of  the  tunnel  is  also  heated  during  this  period  of 
time,  even  though  no  sample  is  flowing  through  yet.  Typical  warm-up 
time  for  the  mini-dilution  tunnel  is  30-45  minutes. 

The  normal  operating  time  to  bring  both  the  engine  and  the  mini¬ 
dilution  tunnel  to  equilibrium  conditions  and  stabilize  operation  with 
the  test  fuel  at  the  desired  conditions  is  approximately  one  and  one- 
half  hours.  At  the  end  of  this  period,  data  taking  for  the  test  fuel  at 
full  load  conditions  commences.  Once  the  engine  and  mini-dilution 
tunnel  system  have  been  fully  warmed  up  with  a  given  test  fuel,  the  time 
required  to  change  operating  conditions  of  load  or  injection  timing  is 
approximately  one-half  hour.  These  warm-up  and  changeover  constraints 
leave  enough  time  for  testing  at  4  different  operating  conditions  in  a 
total  8-10  hour  period. 

4.2.2  Optimum  Injection  Timing 

One  of  the  more  commonly  used  approaches  for  determining  optimum 
injection  timing  for  a  diesel  engine  is  to  vary  the  injection  timing  at 
a  given  engine  speed  and  measure  the  fuel  consumption  and  power  output 
from  the  engine.  Typically,  the  engine  will  exhibit  a  minimum  specific 
fuel  consumption  in  lb/hp-hr  for  some  value  of  injection  timing.  Since 


this  point  typically  represents  maximum  efficiency  for  a  given  speed 
and  load  condition,  it  is  considered  to  be  the  optimum  injection  timing. 
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The  nature  of  the  cetane  engine  is  such  that  changes  in  fuel  flow 
and  power  output  are  very  small  over  a  wide  range  of  injection  timing 
values.  Therefore,  it  is  very  difficult  to  identify  a  minimum  specific 
fuel  consumption  and  its  associated  injection  timing.  Changes  in  injec¬ 
tion  timing  of  several  degrees  have  virtually  no  reproducible  effect  on 
fuel  consumption  or  power  output.  For  this  reason,  a  different  approach 
was  needed  to  consistently  determine  optimum  injection  timing  for  the 
cetane  engine. 

A  study  of  the  timing  sensitivity  of  diesel  engines  shown  in  various 
papers  and  in  previous  programs  using  commercial  engines  indicated  that 
the  rapid  cylinder  pressure  rise  due  to  combustion  started  before  TDC 
for  engines  operating  at  optimum  timing.  These  observations  led  to  the 
following  procedure  used  in  this  test  program  to  determine  an  estimate 
of  optimum  injection  timing  for  the  cetane  engine. 

The  Norland  processing  digital  oscilloscope  was  used  to  study  how 
changes  in  injection  timing  altered  the  relationship  between  the  pres¬ 
sure  in  the  pre-chamber  and  the  TOC  marker  from  the  shaft  encoder.  After 
considerable  experimentation,  a  method  was  devised  that  would  provide 
consistent  results  for  engine  operation  and  N0X  emissions.  The  sensiti¬ 
vity  of  the  N0X  emissions  to  injection  timing  was  quite  useful  in 
arriving  at  a  method  to  provide  consistent  results. 

The  processing  features  of  the  Norland  processing  digital  oscillo¬ 
scope  allowed  a  rapid  computation  of  the  pressure  derivative  while  the 
engine  was  operating.  Adjustment  of  the  injection  timing  to  place  the 
first  derivative  maximum  (after  the  first  derivative  minimum)  at  TDC 
gave  consistent  day  to  day  results  for  engine  performance  and  oxide  of 
nitrogen  emissions.  The  speed  of  operation  of  the  Norland  processing 
digital  oscilloscope  was  such  that  the  derivative  operation  could  be 
done  quickly  enough  to  use  the  device  as  a  tool  for  setting  the  injec¬ 
tion  timing.  Figure  4-1  illustrates  the  appearance  of  the  pre-chamber 
pressure  derivative  at  the  conditions  assumed  for  optimum  injection 
timing. 


4.2.3  Performance  and  Emissions  Measurements 


Once  the  engine  and  mini-dilution  tunnel  systems  were  fully  warmed 
up  and  operational,  several  sets  of  data  were  gathered  at  each  steady 
state  test  condition.  Software  prepared  specifically  for  use  in  this 
laboratory  was  used  with  the  microcomputer  data  acquisition  system  to 
prompt  a  test  operator  to  enter  the  information  needed.  This  prompting 
involved  requesting  information  about  the  test  fuel,  important  fuel 
properties,  nominal  operating  conditions  for  the  engine,  and  data  from 
the  performance  and  emissions  measuring  instruments.  For  this  program, 
five  separate  measurements  were  made  for  the  emissions  and  performance 
data.  Many  features  of  the  software  provided  information  to  the  opera¬ 
tor  concerning  system  performance.  For  example,  air-fuel  ratios  calcu¬ 
lated  on  a  carbon  basis  and  an  oxygen  basis  were  shown  at  the  end  of 
each  data  entry  panel.  Any  major  discrepancies  in  these  numbers  would 
indicate  to  the  operator  some  problem  in  the  emissions  measuring  system. 
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The  five  consecutive  sets  of  emissions  and  performance  data  were 
taken  over  a  period  of  approximately  1  hour.  If  particulates  data  were 
also  being  taken  with  the  mi ni -di 1 ut i on  tunnel,  each  of  the  five  data 
sets  had  a  corresponding  particulates  data  set.  The  1-hour  period  and 
the  five  separate  data  sets  were  felt  to  give  a  good  indication  of  the 
consistency  and  stability  of  the  engine  operation  at  the  particular  test 
condition.  The  laboratory  data  sheet,  shown  in  Figure  4-2,  provides  a 
printed  record  of  the  calibrated  data  from  the  emissions  and  performance 
instrumentation  as  well  as  an  average  value  and  a  standard  deviation  for 
the  five  data  runs.  The  average  values  are  used  in  data  processing 
software  employed  to  calculate  performance  terms  and  specific  emissions. 

Each  laboratory  data  sheet  is  identified  at  the  top  with  several 
pieces  of  record  keeping  information,  in  the  upper  left-hand  corner  of 
the  data  sheet  is  the  date  on  which  the  particular  printout  was  pre¬ 
pared.  Immediately  below  this  date  are  the  initials  of  the  laboratory 
operators.  In  the  upper  right-hand  corner  of  the  data  sheet  is  the  data 
set  identification  which  describes  the  fuel  and  test  conditions,  and 
immediately  below  it  is  the  run  date  on  which  the  laboratory  data  was 
taken.  A  more  thorough  explanation  of  the  coding  used  for  the  data  set 
identifier  is  given  in  Table  4-3. 

During  each  data  taking  run,  very  minor  adjustments  may  be  made  to 
the  engine  system  to  maintain  constant  operating  conditions.  For 
example,  minor  adjustments  may  be  made  to  the  inlet  manifold  pressure  or 
temperature  to  keep  them  within  the  very  close  limits  established  in  the 
operating  conditions.  Any  changes  made  were  allowed  to  stabilize  before 
an  additional  data  set  was  taken. 

4.2.4  Particulates  Sampling 

For  those  test  conditions  that  also  involved  obtaining  a  mass  par¬ 
ticulates  sample,  the  following  procedures  were  used  with  the  mini¬ 
dilution  tunnel . 

Before  the  start  of  each  day's  operations  a  number  of  Pallflex  type 
T60A20  47mm  Teflon  coated  filters  were  weighed  to  the  nearest  10  micro¬ 
grams.  The  filters  had  been  stored  in  a  desiccator  for  at  least  24 
hours  prior  to  weighing,  and  a  sufficient  number  of  filters  were  weighed 
for  all  the  anticipated  data  runs  plus  a  few  extra  in  case  a  filter  was 
dropped  or  damaged.  All  filters  were  carefully  handled  with  tweezers, 
and  each  filter  was  placed  in  a  plastic  box  which  was  labeled  with  the 
initial  filter  weight,  the  date,  and  the  initials  of  the  person  who 
weighed  the  filter.  After  particulates  were  collected  on  each  filter  in 
the  mini-dilution  tunnel,  tweezers  were  used  to  carefully  remove  the 
filter  without  disturbing  the  particulate  matter  and  place  it  back  in 
the  marked  plastic  box.  An  identification  number  was  then  placed  on  the 
box  label  to  exactly  correlate  this  particulate  sample  with  the  data 
record  information  entered  into  the  laboratory  computer  system.  The 
filters  in  their  boxes  were  then  placed  in  a  desiccator  for  a  24-hour 
period  and  weighed  again  to  determine  the  total  weight  of  filter  plus 
particulate  matter.  This  weight,  the  date  the  filter  was  re-weighed, 
and  the  initials  of  the  person  weighing  the  filter  were  then  entered  on 
the  box  label.  The  difference  between  the  initial  filter  weight  and  the 


Data  Sheet 

SINGLE  CYLINDER  DIESEL  ENGINE 


Date:  11-07-1986  Data  set:  B:CD1H124A 

Operator:  MWL  &  MEM  Run  date:  07-30-1986 


I.  Fuel  Characteristics: 

a)  Fuel  Number  :  DOE-1 

b)  Fuel  Description  :  PHILLIPS  D-2 

c)  Physical  Properties  :  LHV  =  18321  ,  Y  -  1.78  ,  X  =  .00039 

II.  Operating  Conditions: 

a)  Barometric  Pressure  :  28.88  in.  Hg.  at  96  Deg.  F 

b)  Nozzle  Number  :  16 

c)  Engine  Speed  :  1200  RPM 

d)  Air  Intake  Temperature  :  160  Deg.  F 

e)  Oil  Temperature  :  155  Deg.  F 

f)  Coolant  Temperature  :  212  Deg.  F 

g)  Critical  Flow  Nozzle  Temperature  :  96  Deg.  F 

h)  Critical  Flow  Nozzle  Pressure  :  46.4  Psia 

i)  Manifold  Pressure  :  14.4  Psia 

j)  Exhaust  Pressure  :  0  in.  water 

k)  Injection  Advance  Setting  :  9.4  Deg.  BTDC 

III.  Exhaust  Emissions  and  Test  Conditions: 


Run 

i  Number 

1 

2 

3 

4 

5 

Avg/Dev  (%) 

a) 

HC  (ppm.  Cl) 

260 

220 

230 

220 

210 

228/  8.44 

b) 

NOx  (ppm) 

510 

520 

510 

510 

520 

514/  1.07 

c) 

CO  (%)  0 

.146 

0.107 

0.109 

0.119 

0.110 

0.118/13.71 

d) 

C02  (%) 

10.9 

10.9 

10.9 

10.9 

10.9 

10.9/  0.00 

e) 

02  (%) 

5.9 

6.0 

5.8 

6.0 

5.9 

5.9/  1.41 

f) 

Bosch  Smoke 

5.5 

5.3 

5.3 

5.4 

5.6 

5.4/  2.41 

g) 

Fuel  Flow  3 

(min) 

for  .1  Ibm 

.032 

2.985 

2.967 

2.967 

2.977 

2.985/  0.90 

h) 

Firing  Force 
(lb) 

13.8 

13.8 

13.8 

13.8 

13.8 

13.8/  0.00 

i) 

Fuel  Temp. 

(Deg.  F) 

95 

96 

96 

96 

96 

96/  0.47 

j) 

Exhaust  Temp. 
(Deg.  F) 

783 

779 

782 

787 

792 

785  /  0.64 

k)  Motoring  Force  : 

11 

lbf  (zero  =  0 

,  11  lb 

cal .  = 

10  ) 

IV.  Comments: 

HANDWHEEL  SETTING  =  .947 

Figure  4-2  Sample  Laboratory  Data  Sheet  for  Engine 
Performance  and  Emissions 


Table  4-3 

Interpretation  of  Data  Set  Identification  Code 


DATA  SET  CODE  NAME  WITH  NO  EXTENSIONS  OR  PREFIXES 


ENGINE 


INLET  SPEED  LOAD  INJECTION 

AIR  TEMP.  (RPM  IN  (FRACTION,  TIMING 
HUNDREDS)  FULL  LOAD) 


C  =  CETANE 

C2  =  BASE 

' 

R  =  RICARDO 

D1  =  DOE  #1 

C  =  COLD 

(IDI) 

D2  =  DOE  #2 

Q  =  RICARDO 

D3  =  DOE  #3 

DOE  #4 
CEC  #1 
CEC  #2 
CEC  #3 
CEC  #2A 
CAPE  #5 
CAPE  #6 


1  =  1/ 
2  =  2/ 

3  =  3/ 

4  =  4/ 


A  =  OP 
TIMING 
C  =  -5 
RETARD 


For  this  example: 

C 

CD1H124A 

-  Cetane  engine  being  tested 

D1 

-  DOE  #1  fuel 

H 

-  Heated  inlet  air 

12 

-  1200  RPM  engine  speed 

4 

-  Full  load  (4/4) 

A 

-  Optimum  injection  timing 

final  filter  weight  was  recorded  as  the  mass  of  particulate  matter 
col  1 ected . 

As  indicated  in  a  previous  section,  the  mini -di 1 ution  tunnel  was 
fully  warmed  up  and  stabilized  during  the  warm-up  and  stabilization 
process  for  the  engine  itself.  Once  the  data  taking  process  was  begun, 
the  laboratory  software  also  provided  prompting  information  for  the 
dilution  tunnel  and  particulate  measurements.  Using  the  information 
from  the  first  of  the  five  consecutive  data  runs,  the  exhaust  CO2 
reading,  the  tunnel  CO ?,  and  the  background  CO^  reading  for  the  air  in 
the  tunnel  were  entered  and  the  nominal  dilution  ratio  computed  and 
displayed.  Adjustment  of  the  upstream  pressure  from  the  dilution  nozzle 
allowed  some  adjustment  of  the  dilution  ratio  to  keep  it  near  the 
desired  value  of  10:1.  When  particulates  data  were  being  taken,  at  the 
end  of  each  data  entry  panel  for  the  emissions  and  performance  informa¬ 
tion  a  second  panel  would  appear  requesting  the  appropriate  information 
for  the  dilution  tunnel  and  particulates  measurement.  A  printout  of 
this  data  sheet  is  illustrated  in  Figure  4-3.  The  date  and  run  identi¬ 
fication  information  shown  at  the  top  of  this  data  sheet  are  identical 
to  those  shown  for  the  emissions  and  performance  data  sheet.  The  soft¬ 
ware  used  to  generate  this  information  not  only  shows  the  values 
recorded  in  the  laboratory,  it  computes  both  corrected  sample  volume  and 
mass  particulates  in  milligrams  per  cubic  meter  of  dilute  exhaust.  As 
with  the  emissions  and  performance  data,  the  mass  particulates  values 
are  shown  for  each  run  number  as  well  as  an  average  and  a  standard 
deviation.  The  average  value  for  mass  particulate  shown  on  the  data 
sheet  is  used  in  calculation  of  mass  particulates  on  a  mass  per  unit 
energy  basis. 

4.2.5  Data  Acquisition  for  Combustion  Analysis 

As  indicated  in  the  equipment  description  in  Section  3,  the  IBM 
personal  computer  system  was  used  as  the  controlling  device  for  the 
acquisition  and  storage  of  high  speed  transient  data.  Substantial  menu 
driven  software  has  been  developed  to  prompt  the  operator  for  the  cor¬ 
rect  method  and  sequence  of  taking  pressure,  injector  lift,  and  other 
data  pertinent  to  the  combustion  analysis  process. 

Once  the  data  acquisition  software  was  initiated,  a  series  of 
instructions  were  displayed  on  the  screen  giving  the  operator  informa¬ 
tion  about  how  to  set  up  the  instrumentation  and  the  Norland  processing 
digital  oscilloscope  to  take  data.  The  first  data  taking  operation 
involved  using  the  data  acquisition  system  contained  in  the  IBM-PC  to 
sample  and  store  over  100  consecutive  cycles  of  main  chamber  pressure 
data.  Simultaneous  with  the  data  acquisition  being  performed  by  the 
IBM-PC,  the  Norland  processing  digital  oscilloscope  was  acquiring  high 
resolution  data  for  main  and  pre-chamber  pressures  and  storing  them  in 
memory  segments  of  the  processing  oscilloscope.  Simultaneous  measure¬ 
ment  of  the  main-chamber  pressure  by  both  the  Norland  processing  oscil¬ 
loscope  and  the  IBM-PC  system  for  full  cycle  measurements  provided  a 
test  of  the  data  consistency  from  both  systems.  After  the  full  cycle 
pressure  data  had  been  acquired  with  the  IBM-PC  system,  a  memory  image 
of  the  data  was  stored  on  the  data  run  diskette  for  further  processing 
at  a  later  time.  The  IBM-PC  data  acquisition  was  then  used  to  measure 
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(articulates  Data  Sheet 
SINGLE  CYLINDER  DIESEL  ENGINE 

Date:  11-07-1986 
Operator  :  MWL  &  MEM 

V.  Dilution  Tunnel  Data  : 

a)  Dilution  Nozzle  Pressure  :  17  psig 

b)  Tunnel  Back  Pressure  :  1  in.  H20 

c)  Background  C02  Reading  :  10  =  367  ppm 

d)  Tunnel  C02  Reading  :  60  =  9648  ppm 

e)  Dilution  Ratio  :  10.7 

VI.  Particulates  Data  : 


Run  Number 

1 

2 

3 

4 

5 

a)  Filter  No. 

D14A-1 

D14A-2 

D14A-3 

D14A-4 

D14A-5 

b)  Sample  Temp  (°F) 

150 

150 

150 

150 

150 

c)  Filter  Temp  (°C) 

49 

50 

50 

50 

51 

d)  Sample  Flow  (cfh) 

75 

75 

75 

75 

75 

e)  Initial  Filter  Wt  (mg) 

64.56 

63.70 

64.86 

67.09 

64.79 

f)  Final  Filter  Wt.  (mg) 

77.98 

75.89 

78. *7 

81.71 

77.78 

g)  Filter  Wt.  Dif.  (mg) 

13.42 

12.19 

13.61 

14.62 

12.99 

h)  Initial  Dry  Test  (ft3) 

747.79 

755.87 

763.02 

770.81 

779.27 

i)  Final  Dry  Test  (ft3) 

755.87 

763.02 

770.81 

779.27 

786.64 

j)  Dry  Test  Diff.  (ft3) 

8.08 

7.15 

7.79 

8.46 

7.37 

k)  Dry  Test  Temp  (°C) 

34 

35 

35 

35 

35 

1)  Dry  Test  Press,  (psi) 

0.45 

0.45 

0.45 

0.45 

0.45 

m)  Sample  Volume  (cu  M) 

0.2175 

0.1919 

0.2091 

0.2270 

0.1978 

.  Mass  Particulates  (mg/m3) 

Run  No.  1  2 

3 

4 

5 

Avg.  1 

Dev.  (%) 

mg/m3  61.7  63.5 

65.1 

64.4 

65.7 

64.1 

2.4 

Figure  4-3  Sample  Laboratory  Data  Sheet  for 
Particulates  Measurements 


Data  set:  B:CD1H124A 
Run  date:  07-30-1986 


and  record  the  crankcase  pressure  data  used  as  a  quality  check  for 
blowby  and  upper  cylinder  conditions. 

The  software  prompted  the  operator  with  instructions  for  processing 
the  Norland  data.  Specific  instructions  were  given  for  using  the  pro¬ 
cess  features  of  the  oscilloscope  to  smooth  the  data  to  remove  spikes 
caused  by  the  sampling  process.  Also,  instructions  were  provided  for 
taking  the  derivative  of  the  pre-chamber  pressure  data  and  storing  the 
result  in  an  additional  memory  area  of  the  oscilloscope.  The  three  data 
segments  corresponding  to  pre-chamber  pressure,  main-chamber  pressure, 
and  derivative  of  pre-chamber  pressure  were  then  sequentially  trans¬ 
ferred  from  the  Norland  memory  to  the  IBM-PC  and  then  to  the  run  data 
diskette.  All  data  files  were  stored  on  the  diskette  with  a  file  name 
consisting  of  the  run  identification  code  and  an  appropriate  extension 
for  identifying  the  specific  data  contained  in  the  file. 

Once  the  data  acquisition  process  was  begun,  the  menu  system 
prompted  the  operator  to  switch  appropriate  data  channels  to  the  Norland 
processing  oscilloscope,  take  appropriate  data,  smooth  the  data  (if 
needed),  and  then  transfer  and  store  the  data  on  the  run  diskette  for 
further  processing.  Additional  data  acquisition  runs  with  the  Norland 
processing  oscilloscope  included  the  simultaneous  recording  of  injector 
pressure  and  injector  lift  and  a  separate  recording  of  the  TDC  marker 
for  synchronization  of  the  Norland  and  IBM-PC  data  as  well  as  providing 
a  precise  timing  reference.  The  process  of  taking  and  storing  all  the 
combustion  data  files  required  approximately  15-20  minutes.  In  so  far 
as  possible  the  process  was  automated  with  the  IBM-PC  controller  to 
minimize  the  influence  of  operator  technique  or  error  in  recording  these 
data. 

The  final  operation  in  the  combustion  analysis  data  acquisition 
process  was  to  take  pre-chamber  pressure  data  and  dynamometer  scale 
force  for  motoring  operation  of  the  engine.  The  dynamometer  control 
system  was  not  sufficiently  sophisticated  to  change  instantaneously  from 
firing  to  motoring  operation,  and  there  was  a  transient  period  of 
approximately  30  seconds  before  data  could  be  taken.  If  the  transient 
period  was  significantly  longer  than  30  seconds,  the  engine  was 
restarted  and  temperature  stabilized  before  another  motoring  run  was 
attempted.  The  engine  was  operated  using  room  air  because  the  high 
pressure  air  system  introduced  additional  dynamics  and  time  lags  in  the 
transient  between  firing  and  motoring  operation.  This  problem  is  why 
the  high  pressure  air  system  is  set  at  nominal  atmospheric  conditions 
for  each  data  test  run. 

4.2.6  Required  Maintenance 

As  previously  indicated,  the  maintenance  required  for  satisfactory 
results  from  the  cetane  engine  is  substantially  greater  than  that  needed 
for  a  typical  modern  design  diesel  engine.  One  of  the  most  critical 
maintenance  operations  for  the  cetane  engine  is  cleaning  of  the  fuel 
injector  nozzle.  The  small  lift  (0.004  to  0.006  inches)  and  short 
pintle  configuration  lead  to  rapid  fouling  of  the  injector  nozzle.  Even 
a  small  deposit  accumulation  on  the  face  of  the  nozzle  will  affect  the 
spray  pattern.  For  this  reason,  the  injector  nozzle  must  be  removed 
from  the  engine  and  cleaned  after  approximately  8  hours  of  operation. 


Thus,  the  injector  nozzle  for  the  engine  was  cleaned  before  each  day's 
data  taking.  Once  the  injector  tip  had  been  cleaned  it  was  reassembled 
with  the  injector  body  and  tested  for  opening  pressure  and  nozzle  spray 
pattern.  If  the  observed  spray  pattern  was  not  a  symmetrical  cone  with 
a  reasonably  fine  fog  of  fuel,  the  injector  was  disassembled  and  the  tip 
re-cleaned.  This  process  was  repeated  until  an  appropriate  spray  pat¬ 
tern,  droplet  size  and  opening  pressure  were  obtained.  The  injector  was 
then  installed  in  the  engine  and  the  warm-up  process  begun. 

After  30  hours  of  operation  the  crankcase  oil  in  the  engine  and  the 
oil  filter  were  changed.  At  this  time  the  compression  plug  for  the 
engine  was  also  removed  and  cleaned  of  carbon  deposits  to  avoid  seizure 
in  the  bore  of  the  combustion  chamber.  The  lubricating  oil  used  was 
Shell  Rotella,  SAE  30W. 

Another  item  of  equipment  requiring  regular  maintenance  and  observa¬ 
tion  was  the  mini-dilution  tunnel  sample  system.  At  the  end  of  each 
operating  day,  the  exit  of  the  tunnel  was  sealed  and  the  upstream  pres¬ 
sure  used  to  back  flush  the  heated  sample  line  from  the  exhaust  stilling 
chamber  to  the  aspirating  nozzle.  Even  with  this  daily  routine,  occa¬ 
sionally  the  sample  line  had  to  be  removed  and  the  soft  carbon  deposits 
mechanically  removed.  The  need  for  this  process  was  indicated  by 
changes  required  in  the  upstream  aspiration  nozzle  pressure  needed  to 
maintain  the  nominal  10:1  dilution  ratio. 

4.3  Test  Sequence 

The  initial  plan  for  the  project  was  to  run  a  semi-random  test 
sequence  mixing  fuels,  loads,  and  injection  timing  in  an  attempt  to 
minimize  any  effects  on  the  results  that  might  be  related  to  a  certain 
sequence  of  test  events.  Unfortunately,  when  the  test  conditions  had  to 
be  changed  because  of  the  problems  associated  with  the  roller  cam  fol¬ 
lower  in  the  fuel  pump,  there  was  insufficient  time  or  resources  to 
carry  out  this  semi-random  test  procedure. 

The  test  sequence  shown  in  Table  4-4  was  developed  with  the  assis¬ 
tance  of  several  key  members  of  the  CRC  Light-Duty  Diesel  Combustion 
Committee.  The  sequence  shown  in  Table  4-4  addresses  not  only  the  time 
and  resource  constraints  but  several  other  problems  encountered  during 
preliminary  testing.  The  fact  that  the  test  sequence  is  organized  into 
two  test  days  that  represent  8-10  hours  of  engine  operation  for  each  day 
reflects  the  fact  that  the  injector  nozzle  must  be  cleaned  after  each 
8-10  hours  of  operation.  It  should  also  be  noted  that  not  all  test  runs 
involve  taking  mass  particulate  data.  This  compromise  reflects  problems 
encountered  with  the  amount  of  time  required  for  collecting  particulate 
data,  especially  at  light  load  conditions.  It  should  also  be  noted  that 
operating  conditions  are  alternated  between  heavy  and  lighter  loads 
during  each  day's  test  sequence.  This  arrangement  was  intended  to 
minimize  effects  that  might  appear  due  to  the  operational  history  of  the 
engine  and  emission  sampling  systems.  Retarded  timing  was  only  used  at 
the  medium  load  condition  since  it  was  felt  that  this  case  would  be  most 
sensitive  to  changes  in  emissions  results  due  to  timing  and,  would 
provide  sufficient  load  that  mass  particulates  sampling  would  not  be 
extremely  time  consuming. 


Generally  speaking,  few  problems  were  encountered  with  this  test 
sequence  from  an  operational  point  of  view.  In  a  preliminary  review  of 
the  data  results  there  does  not  appear  to  be  a  consistent  day-to-day 
change  due  to  this  operational  sequence  either.  Table  4-5  summarizes 
all  the  cetane  engine  data  runs  included  in  this  report. 


Table  4-4 

Test  Sequence  for  Each  Fuel 


DAY 

1 

DAY  2 

LOAD 

TIMING 

PARTICULATES 

LOAD 

TIMING 

PARTICULATES 

FULL 

OPTIMUM 

YES 

FULL 

OPTIMUM 

NO 

LIGHT 

OPTIMUM 

NO 

MEDIUM 

OPTIMUM 

YES 

MEDIUM 

OPTIMUM 

YES 

LIGHT 

OPTIMUM 

NO 

LIGHT 

OPTIMUM 

NO 

MEDIUM 

RETARDED 

YES 

Table  4-5 

Summary  of  Test  Runs 

Note:  All  tests  were  performed  at  an  engine  speed  of  1200  RPM  and  a 

compression  ratio  of  20:1.  Measurements  of  HC,  CO,  CO2,  N0X,  and 
Bosch  Smoke  were  made  for  all  runs.  Mass  particulates  data  were  taken 
only  for  the  runs  indicated. 


FUEL  & 
RUN  DATE 


DOE  #1 
8/13/86 
8/14/86 
7/30/86 
8/13/86 
8/14/86 
8/14/86 
7/30/86 
8/13/86 
8/13/86 
8/14/86 


DOE  #2 
8/11/86 
8/12/86 
7/31/86 
8/11/86 
8/12/86 
9/06/86 


ENGINE  CONDITIONS 
LOAD  A/F 


PARTICULATES  DATA 
(YES  OR  NO) 


COMMENTS 


FULL 

FULL 

FULL 

MEDIUM 

MEDIUM 

MEDIUM 

LIGHT 

LIGHT 

LIGHT 

LIGHT 


FULL 

FULL 

FULL 

MEDIUM 

MEDIUM 

MEDIUM 


20.1:1 

19.9:1 

19.7:1 

30.2:1 

30.0:1 

30.1:1 

41.0:1 

40.1:1 

40.1:1 

40.1:1 


20.3:1 

20.1:1 

20.2:1 

30.1:1 

30.1:1 

30.3:1 


from  prev.  test 


retarded  timing 
from  prev.  test 


from  prev.  test 


makeup  run 


v.v  v.v.v.v.v  v.v.  ///7Av.v;^v.vv.v.v.v.vv.v7/vvv:.“  v.vv  v  v  'j<  w  v  v.v  vv  -j1  vv  v  -j« 


wy. 


Thus,  the  injector  nozzle  for  the  engine  was  cleaned  before  each  day's 
data  taking.  Once  the  injector  tip  had  been  cleaned  it  was  reassembled 
with  the  injector  body  and  tested  for  opening  pressure  and  nozzle  spray 
pattern.  If  the  observed  spray  pattern  was  not  a  symmetrical  cone  with 
a  reasonably  fine  fog  of  fuel,  the  injector  was  disassembled  and  the  tip 
re-cleaned.  This  process  was  repeated  until  an  appropriate  spray  pat¬ 
tern,  droplet  size  and  opening  pressure  were  obtained.  The  injector  was 
then  installed  in  the  engine  and  the  warm-up  process  begun. 


After  30  hours  of  operation  the  crankcase  oil  in  the  engine  and  the 
oil  filter  were  changed.  At  this  time  the  compression  plug  for  the 
engine  was  also  removed  and  cleaned  of  carbon  deposits  to  avoid  seizure 
in  the  bore  of  the  combustion  chamber.  The  lubricating  oil  used  was 
Shell  Rotella,  SAE  30W. 


Another  item  of  equipment  requiring  regular  maintenance  and  observa¬ 
tion  was  the  mini-dilution  tunnel  sample  system.  At  the  end  of  each 
operating  day,  the  exit  of  the  tunnel  was  sealed  and  the  upstream  pres¬ 
sure  used  to  back  flush  the  heated  sample  line  from  the  exhaust  stilling 
chamber  to  the  aspirating  nozzle.  Even  with  this  daily  routine,  occa¬ 
sionally  the  sample  line  had  to  be  removed  and  the  soft  carbon  deposits 
mechanically  removed.  The  need  for  this  process  was  indicated  by 
changes  required  in  the  upstream  aspiration  nozzle  pressure  needed  to 
maintain  the  nominal  10:1  dilution  ratio. 


4.3  Test  Sequence 


The  initial  plan  for  the  project  was  to  run  a  semi-random  test 
sequence  mixing  fuels,  loads,  and  injection  timing  in  an  attempt  to 
minimize  any  effects  on  the  results  that  might  be  related  to  a  certain 
sequence  of  test  events.  Unfortunately,  when  the  test  conditions  had  to 
be  changed  because  of  the  problems  associated  with  the  roller  cam  fol¬ 
lower  in  the  fuel  pump,  there  was  insufficient  time  or  resources  to 
carry  out  this  semi -random  test  procedure. 


The  test  sequence  shown  in  Table  4-4  was  developed  with  the  assis¬ 
tance  of  several  key  members  of  the  CRC  Light-Duty  Diesel  Combustion 
Committee.  The  sequence  shown  in  Table  4-4  addresses  not  only  the  time 
and  resource  constraints  but  several  other  problems  encountered  during 
preliminary  testing.  The  fact  that  the  test  sequence  is  organized  into 
two  test  days  that  represent  8-10  hours  of  engine  operation  for  each  day 
reflects  the  fact  that  the  injector  nozzle  must  be  cleaned  after  each 
8-10  hours  of  operation.  It  should  also  be  noted  that  not  all  test  runs 
involve  taking  mass  particulate  data.  This  compromise  reflects  problems 
encountered  with  the  amount  of  time  required  for  collecting  particulate 
data,  especially  at  light  load  conditions.  It  should  also  be  noted  that 
operating  conditions  are  alternated  between  heavy  and  lighter  loads 
during  each  day's  test  sequence.  This  arrangement  was  intended  to 
minimize  effects  that  might  appear  due  to  the  operational  history  of  the 
engine  and  emission  sampling  systems.  Retarded  timing  was  only  used  at 
the  medium  load  condition  since  it  was  felt  that  this  case  would  be  most 
sensitive  to  changes  in  emissions  results  due  to  timing  and,  would 
provide  sufficient  load  that  mass  particulates  sampling  would  not  be 
extremely  time  consuming. 


Generally  speaking,  few  problems  were  encountered  with  this  test 
sequence  from  an  operational  point  of  view.  In  a  preliminary  review  of 
the  data  results  there  does  not  appear  to  be  a  consistent  day-to-day 
change  due  to  this  operational  sequence  either.  Table  4-5  summarizes 
all  the  cetane  engine  data  runs  included  in  this  report. 


Table  4-4 

Test  Sequence  for  Each  Fuel 


DAY 

1 

DAY  2 

LOAD 

TIMING 

PARTICULATES 

LOAD 

TIMING 

PARTICULATES 

FULL 

OPTIMUM 

YES 

FULL 

OPTIMUM 

NO 

LIGHT 

OPTIMUM 

NO 

MEDIUM 

OPTIMUM 

YES 

MEDIUM 

OPTIMUM 

YES 

LIGHT 

OPTIMUM 

NO 

LIGHT 

OPTIMUM 

NO 

MEDIUM 

RETARDED 

YES 

Table  4-5 

Summary  of  Test  Runs 

Note:  All  tests  were  performed  at  an  engine  speed  of  1200  RPM  and  a 

compression  ratio  of  20:1.  Measurements  of  HC,  CO,  C02,  N0X,  and 
Bosch  Smoke  were  made  for  all  runs.  Mass  particulates  data  were  taken 
only  for  the  runs  indicated. 


FUEL  & 

ENGINE  CONDITIONS 

PARTICULATES  DATA 

COMMENTS 

RUN  DATE 

LOAD 

A/F 

(YES  OR  NO) 

DOE  #1 

8/13/86 

FULL 

20.1:1 

YES 

8/14/86 

FULL 

19.9:1 

NO 

7/30/86 

FULL 

19.7:1 

YES 

from  prev.  test 

8/13/86 

MEDIUM 

30.2:1 

YES 

8/14/86 

MEDIUM 

30.0:1 

YES 

8/14/86 

MEDIUM 

30.1:1 

YES 

retarded  timing 

7/30/86 

LIGHT 

41.0:1 

YES 

from  prev.  test 

8/13/86 

LIGHT 

40.1:1 

NO 

8/13/86 

LIGHT 

40.1:1 

NO 

8/14/86 

LIGHT 

40.1:1 

NO 

DOE  #2 

8/11/86 

FULL 

20.3:1 

NO 

8/12/86 

FULL 

20.1:1 

YES 

7/31/86 

FULL 

20.2:1 

YES 

from  prev.  test 

8/11/86 

MEDIUM 

30.1:1 

YES 

8/12/86 

MEDIUM 

30.1:1 

YES 

9/06/86 

MEDIUM 

30.3:1 

YES 

makeup  run 

Table  4-5  (Continued) 
Summary  of  Test  Runs 


FUEL  & 

ENGINE  CONDITIONS 

PARTICULATES  DATA 

COMMENTS 

RUN  DATE 

LOAD 

A/F 

(YES  OR  NO) 

oo  e  n 

8/11/86 

MEDIUM 

30.0:1 

YES 

retarded  timing 

8/11/86 

LIGHT 

40.3:1 

NO 

8/12/86 

LIGHT 

40.1:1 

NO 

8/12/86 

LIGHT 

40.4:1 

NO 

7/31/86 

LIGHT 

40.5:1 

YES 

from  prev.  test 

DOE  #3 

8/15/86 

FULL 

20.0:1 

YES 

8/18/86 

FULL 

20.1:1 

NO 

8/01/86 

FULL 

20.9:1 

YES 

from  prev.  test 

8/15/86 

MEDIUM 

30.0:1 

YES 

8/18/86 

MEDIUM 

30.2:1 

YES 

8/15/86 

MEDIUM 

30.0:1 

YES 

retarded  timing 

8/15/86 

LIGHT 

40.0:1 

NO 

8/15/86 

LIGHT 

39.7:1 

NO 

8/18/86 

LIGHT 

40.0:1 

NO 

DOE  #4 

8/19/86 

FULL 

20.0:1 

YES 

8/20/86 

FULL 

19.9:1 

NO 

8/04/86 

FULL 

20.2:1 

YES 

from  prev.  test 

8/19/86 

MEDIUM 

29.9:1 

YES 

8/20/86 

MEDIUM 

30.0:1 

YES 

9/02/86 

MEDIUM 

30.0:1 

YES 

rerun,  retarded 

9/06/86 

MEDIUM 

30.1:1 

YES 

rerun,  retarded 

8/19/86 

LIGHT 

40.1:1 

NO 

8/19/86 

LIGHT 

40.3:1 

NO 

8/20/86 

LIGHT 

39.9:1 

NO 

8/04/86 

LIGHT 

40.0:1 

YES 

from  prev.  test 

CEC  #1 

12/02/86 

FULL 

20.1:1 

YES 

12/04/86 

FULL 

20.2:1 

NO 

12/04/86 

MEDIUM 

30.2:1 

YES 

12/02/86 

MEDIUM 

30.1:1 

YES 

12/04/86 

MEDIUM 

30.1:1 

YES 

retarded  timing 

12/02/86 

LIGHT 

39.9:1 

NO 

12/02/86 

LIGHT 

39.7:1 

NO 

12/04/86 

LIGHT 

39.7:1 

NO 

CEC  #2 

12/06/86 

FULL 

20.1:1 

YES 

12/11/86 

FULL 

20.2:1 

NO 

12/06/86 

MEDIUM 

29.9:1 

YES 

12/11/86 

MEDIUM 

29.8:1 

YES 

12/11/86 

MEDIUM 

29.9:1 

YES 

retarded  timing 

Table  4-5  (Continued) 
Summary  of  Test  Runs 


FUEL  & 

ENGINE  CONDITIONS 

PARTICULATES  DATA 

COMMENTS 

RUN  OATE 

LOAD 

A/F 

(YES  OR  NO) 

CEC  #2 

12/06/86 

LIGHT 

40.0:1 

NO 

12/06/86 

LIGHT 

39.9:1 

NO 

12/11/86 

LIGHT 

39.9:1 

NO 

CEC  #2A 

10/28/86 

FULL 

19.9:1 

YES 

10/30/86 

FULL 

20.1:1 

NO 

10/28/86 

MEDIUM 

30.1:1 

YES 

10/30/86 

MEDIUM 

30.0:1 

YES 

10/30/86 

MEDIUM 

29.9:1 

YES 

retarded  timing 

10/28/86 

LIGHT 

40.1:1 

NO 

10/28/86 

LIGHT 

40.1:1 

NO 

10/30/86 

LIGHT 

40.0:1 

NO 

CEC  #3 

12/13/86 

FULL 

20.0:1 

YES 

12/18/86 

FULL 

20.1:1 

NO 

12/13/86 

MEDIUM 

30.0:1 

YES 

12/18/86 

MEDIUM 

30.0:1 

YES 

12/18/86 

MEDIUM 

30.0:1 

YES 

retarded  timing 

12/13/86 

LIGHT 

39.9:1 

NO 

12/13/86 

LIGHT 

39.9:1 

NO 

12/18/86 

LIGHT 

40.1:1 

NO 

CAPE  #5 

9/13/86 

FULL 

20.0:1 

YES 

9/20/86 

FULL 

20.0:1 

NO 

9/13/86 

MEDIUM 

30.1:1 

YES 

9/20/86 

MEDIUM 

30.0:1 

YES 

9/20/86 

MEDIUM 

30.0:1 

YES 

retarded  timing 

9/13/86 

LIGHT 

40.1:1 

NO 

9/13/86 

LIGHT 

40.3:1 

NO 

9/20/86 

LIGHT 

40.1:1 

NO 

CAPE  #6 

9/27/86 

FULL 

20.2:1 

YES 

9/28/86 

FULL 

19.9:1 

NO 

9/27/86 

MEDIUM 

30.0:1 

YES 

9/28/86 

MEDIUM 

30.0:1 

YES 

9/28/86 

MEDIUM 

30.0:1 

YES 

retarded  timing 

9/27/86 

LIGHT 

39.9:1 

NO 

9/27/86 

LIGHT 

39.9:1 

NO 

9/27/86 

LIGHT 

39.9:1 

NO 
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5.  Data  Reduction  Methods 


As  indicated  in  preceding  sections,  virtually  all  of  the  data  taken 
in  the  laboratory  were  stored  on  the  data  diskette  for  the  test  run. 
Manually  read  data,  such  as  readings  from  the  engine  operation  console 
and  the  emissions  instruments,  was  entered  through  menu  driven  software 
that  prompted  the  operator  for  a  specific  reading.  Machine  read  data, 
such  as  cylinder  pressure  and  injector  lift,  were  taken  using  the  data 
acquisition  system  and  stored  directly  on  the  diskette.  Thus,  essen¬ 
tially  all  the  information  needed  for  data  reduction  was  contained  on 
the  data  diskette. 
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A  significant  amount  of  computer  software  was  written  for  the  IBM-PC 
to  read  the  laboratory  data  from  the  data  diskette,  compute  the  appro¬ 
priate  results,  and  output  the  information.  The  form  of  this  output 
included  results  files  on  the  data  diskette,  screen  displays  on  the 
computer,  printed  output,  and  plots  showing  the  results  in  graphical 
form.  Where  appropriate,  the  data  reduction  proceeds  automatically 
without  operator  intervention.  During  all  phases  of  the  data  reduction 
process,  intermediate  values  and  quality  check  plots  are  displayed  on 
the  screen  to  assist  the  operator  in  identifying  any  problems  or  discre¬ 
pancies  that  may  occur.  The  software  can  be  run  in  a  manually  con¬ 
trolled  mode  that  lets  the  operator  locate  specific  problem  areas  so 
that  they  can  be  resolved. 

Some  portions  of  the  data  reduction  process  require  operator  input 
for  selecting  the  location  of  critical  points  in  the  process.  For 
example,  the  software  uses  several  rules  to  locate  start  of  combustion 
and  the  end  of  premixed  combustion.  Occasionally,  when  the  data  con¬ 
tains  higher  frequency  components  or  certain  features  are  not  well 
defined,  the  software  does  not  locate  the  "correct"  point.  The  operator 
can  enter  different  values  for  the  independent  variable  (usually  sample 
point)  until  he  feels  that  the  graphical  display  of  the  selected  loca¬ 
tion  is  correct.  This  value  is  then  accepted,  and  the  program  proceeds 
with  additional  data  reduction. 

For  purposes  of  discussion,  the  data  reduction  process  has  been 
broken  down  into  three  segments:  engine  performance,  specific  emissions, 
and  combustion  characteristics  and  parameters.  Generally,  the  order  of 
these  segments  is  the  order  in  which  the  computation  process  proceeds. 
Any  exceptions  are  related  to  convenience  in  programming  or  the  need  for 
a  specific  sequence  of  computational  steps.  Since  the  software  is  a 
series  of  sequential  programs,  there  are  checks  to  insure  that  the 
programs  are  being  run  in  the  right  order. 

5.1  Engine  Performance 

Engine  performance  is  generally  related  to  the  power  output  and  fuel 
consumption  of  the  engine.  In  the  laboratory,  variables  such  as  engine 
speed,  dynamometer  scale  force,  fuel  flow,  and  various  pressures  and 
temperatures  are  controlled  and/or  recorded.  As  previously  mentioned, 
all  this  information  is  stored  on  the  data  diskette  for  later  data 
reduction . 
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The  computations  for  engine  performance  results  are  relatively 
simple  and  straight  forward.  Torque  and  power  are  determined  from  the 
equations: 


=  F  x  L 


(5.1) 


!F  x  N)  x  L 
5252 


(5.2) 


Where: 


T  =  torque  in  lb-ft 
hp  =  power  in  horsepower 
F  =  dynamometer  scale  force  in  lb 
N  =  engine  RPM 

L  =  dynamometer  force  arm  (1  foot) 
5252  =  dynamometer  constant 


Appropriate  conversion  factors  are  used  to  compute  the  torque  in  N-m  and 
the  power  in  kw.  Both  English  and  metric  values  are  provided  in  the 
printed  results.  Values  for  brake,  friction,  and  indicated  conditions 
are  computed.  Because  of  the  high  mechanical  frictional  losses  of  the 
CFR  engine  and  the  fact  that  the  engine  was  unthrottled,  no  attempt  was 
made  to  separate  mechanical  and  pumping  loop  friction.  The  values 
measured  during  motored  operation  are  treated  as  frictional.  Indicated 
values  are  then  the  sum  of  these  frictional  values  plus  the  brake  values 
determined  while  the  engine  was  firing. 


Mean  effective  pressure  is  determined  directly  from  the  computed 
values  for  torque  and  the  displacement  volume  of  the  engine.  English 
units  are  used  for  the  computation,  and  the  angle  through  which  the 
torque  acts  is  assumed  to  be  4n  radians,  corresponding  to  a  four-stroke 
cycle.  After  the  torque  is  multiplied  by  the  4n  angle,  the  resulting 
ft-lb  of  energy  are  converted  to  in-lb  and  divided  by  the  displacement 
volume  in  cubic  inches  to  yield  mean  effective  pressure  in  psi .  Values 
for  brake,  friction,  and  indicated  are  determined.  Metric  equivalents 
in  kPa  are  also  computed  usirg  the  appropriate  conversion  term. 


Fuel  flow  in  the  laboratory  is  recorded  as  the  minutes  and  seconds 
to  consume  a  known  mass  of  fuel  in  pounds.  Fuel  flow  is  computed  by 
converting  the  minutes  and  seconds  to  decimal  minutes  and  dividing  the 
fuel  mass  consumed  by  the  decimal  time  giving  lb/min  of  fuel  flow.  Once 
the  fuel  flow  has  be  computed,  division  by  the  power  output  (indicated 
of  brake)  yields  the  specific  fuel  consumption  in  1 b/( hp-hr ) .  Conver¬ 
sion  to  metric  units  yields  pgm/J  (micrograms/Joule) .  The  specific  fuel 
consumption  and  the  Lower  Heating  Value  (LHV)  of  the  fuel  are  used  to 
compute  engine  efficiency.  Values  are  determined  for  both  brake  and 
indicated  cases. 


Air-fuel  ratio  is  computed  using  two  different  approaches  for  this 
test  program.  One  is  based  upon  the  exhaust  gas  emissions  measurements, 
and  the  other  is  based  upon  measurement  of  fuel  flow  and  air  flow.  For 
the  computation  based  upon  fuel  and  air  flow,  the  absolute  pressure  and 
temperature  upstream  from  the  flow  metering  nozzle  in  the  air  supply 
system  are  used  with  the  classic  relation  for  critical  flow  nozzles  and 
experimentally  determined  flow  coefficient  to  compute  the  air  flow  in 
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lb/min.  This  value  is  divided  by  the  computed  fuel  flow  in  lb/min  to 
determine  the  air-fuel  ratio  based  upon  air  and  fuel  flow  measurement. 

5.2  Specific  Emissions 


In  the  laboratory,  the  exhaust  gas  emissions  are  observed  from  the 
laboratory  instruments  and  entered  into  the  laboratory  computer  system 
through  the  aid  of  menu  driven  prompting  software.  The  software  has 
appropriate  calibration  information  so  that  direct  instrument  readings 
are  converted  into  mole  percent  values  and  displayed  for  operator  con¬ 
firmation.  Once  accepted,  the  calibrated  values  for  emissions  data  are 
stored  on  the  data  diskette  for  further  reduction. 


The  CO,  CO2,  N0X,  and  O7  levels  are  measured  on  a  "dry"  basis  in 
that  the  sample  is  passed  through  a  refrigerated  trap  system  to  remove 
the  majority  of  water  from  the  gas  stream.  The  HC  emissions  are  meas¬ 
ured  on  a  "wet"  basis  since  the  sample  is  held  at  350°F  (176. 7°C)  until 
it  has  passed  through  the  flame  ionization  sensor,  thereby  keeping  the 
exhaust  water  in  a  gaseous  state.  Oata  from  the  Bosch  smoke  meter  were 
observed  directly  in  the  laboratory  and  the  average  of  at  least  3  conse¬ 
cutive  samples  averaged  and  then  recorded.  Particulate  data  from  the 
mini-dilution  tunnel  were  observed  and  recorded  as  described  in  the 
section  dealing  with  laboratory  procedures. 

During  the  data  reduction  process,  the  HC  emission  concentration  was 
corrected  to  a  "dry"  basis  so  that  it  could  be  used  in  computations  with 
the  other  exhaust  emissions  which  were  measured  on  a  dry  basis.  One  of 
the  first  uses  of  the  emissions  data  was  to  compute  the  air-fuel  ratio 
by  balancing  carbon  atoms  in  an  equilibrium  equation  describing  the 
oxidation  of  the  fuel  to  the  exhaust  constituents  measured.  The 
approach  used  was  patterned  after  a  method  described  by  Sti vender  (5-1). 
The  air-fuel  ratio  determined  by  this  process  is  said  to  be  "carbon 
based".  When  both  carbon  and  oxygen  atoms  are  balanced,  the  resulting 
air-fuel  ratio  is  said  to  be  "oxygen  based".  These  computations  were 
actually  done  by  the  laboratory  data  acquisition  software  so  that  the 
values  could  be  used  in  laboratory  operations  to  set  engine  operating 
conditions  and  check  on  the  consistency  of  operation  of  the  emissions 
instruments . 

Specific  emissions  were  also  computed  using  an  approach  based  on  a 
method  developed  by  Stivender(5-1) .  This  approach  assumes  a  fuel  mole¬ 
cule  of  the  form: 


fey 


CHyOX 


Where:  y  =  Hydrogen/Carbon  mole  ratio 
x  =  Oxygen/Carbon  mole  ratio 


and  the  molecular  weight  of  the  fuel  (MF)  can  be  expressed  as: 


MF  =  12.01  +  1.008y  +  16x 


(5.3) 


The  carbon  containing  exhaust  constituents  are  expressed  as  mole 
percentages  represented  by  the  abbreviations  HC,  CO,  and  CO2.  The  mole 
percent  of  a  given  emission  is  described  by  XX  and  the  molecular  weight 
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of  that  material  is  MWxx.  Specific  fuel  consumption  is  abbreviated  SFC 
(using  either  brake  or  indicated  values).  With  this  nomenclature  the 
specific  emissions  can  be  expressed  as 


specific  XX  =  SFC 


MWxx 

MF 


(XX) 

(HC  +  CO  +  C02) 


in  lbxx/(hp-hr ) .  (5.4) 


More  typical  units  of  grams/(hp-hr)  are  obtained  by  multiplying  by  454 
grams/lb.  Suitable  conversions  yield  metric  units  of  pgm/J.  Also, 
grams  of  XX  per  kilogram  of  fuel  is  determined  by  deleting  the  SFC  term 
above  and  making  the  appropriate  decimal  change.  Results  are  reported 
in  all  three  forms. 

Several  assumptions  were  made  to  compute  the  mass  particulate  emis¬ 
sions.  The  first  assumption  is  that  the  engine  exhaust  can  be  described 
as  an  ideal  gas  with  properties  roughly  comparable  to  air.  This 
approximation  can  be  in  error,  particularly  at  the  lower  air-fuel 
ratios.  However,  it  does  provide  a  consistent  and  simple  approach  to 
computing  the  exhaust  density  used  in  determining  the  mass  particulate 
emissions.  The  second  assumption  is  that  the  mass  of  the  exhaust  can  be 
described  in  terms  of  the  mass  fuel  flow  into  the  engine  by  the  follow¬ 
ing: 


mass  of  exhaust/mass  of  fuel  =  (1  +  AIR/FUEL)  (5.5) 

Using  these  assumptions  and  data  for  exhaust  temperature,  exhaust 
pressure,  dilution  ratio,  specific  fuel  consumption,  and  particulate 
mass  per  m3  of  exhaust,  the  specific  particulates  in  gm/hp-hr  are 
determined.  Appropriate  computations  are  made  to  also  calculate  this 
information  on  a  pgm/J  basis  and  a  gm/kg  of  fuel  basis. 

5.3  Combustion  Characteristics  and  Parameters 

Laboratory  data  required  to  determine  various  combustion  parameters 
included  both  information  from  the  steady-state  measurements  for  per¬ 
formance  and  emissions  and  the  following  cyclic  data: 

1.  main  chamber  firing  cylinder  pressure  (full-cycle  data  and 

high-speed  data) 

2.  pre-chamber  firing  pressure  (high-speed  data) 

3.  injector  lift  (high-speed  data) 

4.  injector  pressure  (high-speed  data) 

5.  TOC  marker  (high-speed  data) 

6.  time  derivative  of  pre-chamber  pressure  (high-speed  data) 

7.  pre-chamber  motoring  pressure  (high-speed  data) 

Full-cycle  data  are  taken  at  one  degree  increments  and  have  720  samples 
for  a  single  cycle.  Normally,  over  90  consecutive  cycles  are  included 
in  the  data  file.  High-speed  data  consist  of  1024  data  points  taken  at 
0.1  to  0.2  degree  increments  beginning  at  40  degrees  BTDC.  Each  high 
speed  data  point  is  the  average  of  50  samples  at  that  angular  position. 

Unless  specifically  stated  otherwise,  the  computations  and  determi¬ 
nations  described  in  the  following  paragraphs  were  performed  with  the 


IBM-PC  laboratory  computer  system  without  manual  data  entry  or  assis¬ 
tance.  Some  segments  of  the  computational  sequence  prompt  the  operator 
to  accept  the  result  determined  by  the  computer  or  to  enter  what  the 
operator  feels  is  a  more  correct  answer  based  upon  his  experience.  The 
interactive  nature  of  this  process  allows  the  operator  to  try  several 
values  until  he  feels  that  the  correct  result  has  been  reached. 

The  full  cycle  data  for  main  chamber  pressure  are  read  from  a  memory 
image  file,  calibrated  in  psi ,  and  the  ensemble  average  and  standard 
deviation  of  pressure  for  each  crank  angle  degree  is  computed.  The 
average  pressure  when  the  piston  is  at  bottom  dead  center  is  equated  to 
the  inlet  manifold  pressure  and  the  average  data  shifted  accordingly  to 
account  for  the  fact  that  the  quartz  transducer  does  not  have  an  abso¬ 
lute  calibration.  Study  of  log  pressure  vs.  log  volume  plots  for  dif¬ 
ferent  arbitrary  values  for  inlet  pressure  indicated  that  this  approach 
gave  satisfactory  results. 

It  is  a  well  known  fact  that  the  location  of  TDC  for  an  engine 
operating  at  speed  and  load  can  be  different  from  the  value  determined 
by  static  measurement.  (The  TOC  marker  of  the  shaft  encoder  was  located 
precisely,  but  by  static  measurements.)  Unfortunately,  a  difference  of 
only  a  few  crank  angle  degrees  can  make  a  significant  difference  in 
cycle  computations  relating  to  mean  effective  pressure  and  heat  release. 
For  this  reason,  an  estimate  of  the  location  of  dynamic  TDC  must  be 
made.  One  approach  to  making  this  estimate  was  to  compute  the  net  area 
under  the  full  cycle  pressure-volume  data,  convert  this  information  to 
indicated  mean  effective  pressure  (imep),  and  compare  it  to  imep  deter¬ 
mined  from  dynamometer  scale  measurements.  This  comparison  was  accom¬ 
plished  by  shifting  the  data,  in  0.1  CA°  increments,  from  4  °BTDC  to  6 
°ATDC,  computing  the  imep  for  each  case,  and  selecting  the  shift  that 
yielded  the  smallest  difference  between  imep  from  the  area  computation 
and  imep  from  the  dynamometer  measurements.  The  shift  determined  from 
this  comparison  was  typically  in  the  range  from  1  to  3  CA°. 

High  speed  data  for  pre-chamber  and  main  chamber  pressure  were 
calibrated  in  psi  and  adjusted  for  absolute  value  by  forcing  the  first 
data  point  (40  °BTDC)  to  have  the  same  pressure  value  as  the  correspond¬ 
ing  data  point  for  the  full  cycle  main  chamber  pressure  data  that  had 
already  been  calibrated  and  adjusted  for  absolute  value.  Although  there 
may  be  some  difference  in  the  pressure  between  the  main  and  pre  chambers 
at  this  point,  it  was  felt  that  the  difference  would  be  small,  particu¬ 
larly  at  the  lower  engine  speeds  used  in  this  program.  Comparison  of 
the  pre-chamber  and  main  chamber  pressures  during  compression  seems  to 
verify  this  assumption  in  that  there  is  virtually  no  divergence  of  the 
pressure  curves  from  40  °BTDC  until  injection. 

The  TDC  marker  data  were  used  to  accurately  correlate  the  high  speed 
data  samples,  which  were  taken  on  a  time  sampling  basis,  with  the  angu¬ 
lar  rotation  of  the  engine  in  CA°.  The  exact  time  for  each  sample  is 
passed  from  the  Norland  processing  oscilloscope  when  the  data  is  being 
stored  on  diskette.  This  time  per  sample  is  used  with  the  fact  that  the 
TDC  marker  is  at  exactly  40  CA°  after  the  first  data  sample  to  determine 
the  exact  angular  value  for  each  sample.  This  angular  value  is  used  in 
all  cases  when  processing  the  high  speed  data. 


Problems  in  consistency  and  resolution  with  the  pressure  shift 
determined  from  full  cycle  data  by  matching  imeps  from  dynamometer  and 
P-V  area  lead  to  a  method  that  could  use  the  high  resolution  data  from 
the  high  speed  data  acquisition.  This  method  is  based  upon  the  work  of 
Douaud  and  Eyzat  (5-2).  The  basic  concept  is  to  use  the  extreme  sensi¬ 
tivity  of  the  compression  index  for  a  motored  engine  near  dynamic  TDC. 

By  minimizing  the  changes  in  the  compression  index,  a  location  for 
dynamic  TDC  can  be  determined  to  about  0.1  CA°.  In  essence,  the  method 
assumes  that  if  the  angular  phasing  is  correct  the  slope  of  the  log- 
pressure  vs.  log-volume  plot  will  be  a  constant  in  the  vicinity  of  TDC. 

A  technique  using  least-squares  fitting  of  straight  line  segments  in  the 
vicinity  of  TDC  was  used  to  measure  variations  in  this  slope.  The 
appropriate  phase  shift  was  accomplished  by  shifting  the  data,  in  0.1 
CA°  increments,  from  4  °BTDC  to  6  °ATDC,  computing  an  error  term  for 
differences  in  the  least-squares  slopes,  and  selecting  the  shift  that 
yielded  the  smallest  error  term.  The  shift  determined,  using  this 
approach,  was  between  1  and  2  CA°  and  provided  significantly  more  con¬ 
sistent  results  than  the  imep  matching  method.  For  this  reason,  it  was 
used  in  shifting  all  data  for  plotting  and  heat  release  computations. 

The  values  for  the  compression  index  (exponent  of  P*Vn)  determined  from 
this  computation  are  used  in  estimating  motoring  pressure  for  computa¬ 
tion  of  heat  release  parameters. 

After  considerable  effort,  it  was  determined  that  the  measured  pre¬ 
chamber  pressure  for  motoring  operation  was  quite  satisfactory  for 
determining  a  consistent  value  for  dynamic  TDC,  but  it  was  not  satis¬ 
factory  to  be  used  with  firing  pressure  data  to  determine  the  pressure 
change  due  to  combustion.  The  shape  of  the  motored  data  did  not  change 
drastically,  but  minor  fluctuations  caused  significant  changes  in  the 
heat  release  characteristics  estimated  from  the  difference  in  pressure 
between  firing  and  motoring  operation.  For  this  reason,  a  calculated 
motoring  pressure  data  set  was  developed.  This  data  set  used  the  values 
for  compression  index  determined  from  the  computation  for  dynamic  TDC 
and  computed  a  motoring  pressure  shape  using  the  P*Vn  relationship.  A 
least-squares  two  parameter  linear  fit  was  used  to  force  the  motor  shape 
to  coincide  with  the  compression  portion  of  the  firing  data  from  20 
°BTDC  to  5  °BTDC.  Once  the  parameters  were  determined  for  a  best  fit  in 
this  region,  the  entire  motored  data  set  was  adjusted  using  them.  This 
process  gave  very  consistent  calculated  motoring  data  that  was  still 
based  on  experimental  measurements. 

The  injector  lift  data  was  calibrated  to  a  relative  value.  The  base 
line  of  data  before  lift  began  was  assigned  a  value  of  0,  and  the  peak 
lift  was  assigned  a  value  of  20.  All  intermediate  values  were  scaled 
accordingly.  This  approach  was  used  since  the  installation  of  the  lift 
transducer  allowed  some  movement  of  the  sensing  element  within  the  probe 
sheath.  Slight  changes  in  the  nominal  distance  from  the  sensor  to  the 
magnet  caused  measurable  changes  in  the  calibration,  and  since  the 
injector  was  disassembled  and  cleaned  each  day  it  was  unrealistic  to  try 
to  maintain  a  calibration  for  this  system.  The  relative  calibration 
approach  worked  well  and  no  problems  were  encountered. 

The  injector  pressure  (also  measured  with  a  crystalline  transducer) 
was  calibrated  in  psi  and  then  shifted  to  absolute  calibration  by  esti¬ 
mating  that  the  lowest  pressure  reached  after  injection  was  approxi- 
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mately  10  psia.  Of  the  several  approaches  attempted  to  determine  the 
absolute  calibration  of  this  transducer,  this  method  produced  the  most 
consistent  results  over  a  range  of  operating  loads  and  injection  timing. 

The  pre-chamber  pressure  derivative  was  calibrated  from  the  pre¬ 
chamber  pressure  transducer  calibration  factor  and  the  derivative  rela¬ 
tionship.  Since  the  derivative  function  describes  slopes,  no  absolute 
shift  of  the  resulting  data  was  needed.  The  derivative  was  converted  to 
dP/d0  form  using  the  angle/sample  time  relationship. 

The  estimate  of  the  compression  index  determined  from  the  motoring 
data  was  also  used  to  develop  a  very  crude  estimate  of  the  bulk  gas 
temperature  in  the  combustion  chamber  during  the  compression  process. 

In  essence,  a  polytropic  process  was  assumed  for  the  compression  using 
the  inlet  air  temperature  at  BDC  as  the  starting  point.  Although  not 
highly  accurate,  this  approach  did  provide  a  means  to  compare  how  engine 
and  fuel  variables  might  influence  the  compression  temperature. 

Once  all  laboratory  data  had  been  properly  calibrated  and  shifted, 
results  were  written  to  diskette  files  for  use  in  plotting  and  in  com¬ 
puting  various  combustion  parameters.  A  separate  file  was  established 
for  each  of  the  calibrated  variables.  This  approach  made  it  more 
convenient  for  following  programs  to  select  and  read  only  the  informa¬ 
tion  needed  for  the  portion  of  the  data  manipulation  they  addressed. 
Separate  files  also  made  trouble-shooting  problems  considerably  easier 
during  the  data  reduction  process. 

Combustion  characteristics  and  parameters  were  computed  from  the 
calibrated  and  shifted  data.  One  of  the  first  items  determined  was  the 
start  of  fuel  injection  (SOI)  .  Because  there  is  no  sharp  distinctive 
point  at  which  the  injector  needle  begins  to  rise,  an  arbitrary  defini¬ 
tion  for  start  of  injection  was  needed.  Because  this  system  has  been 
used  with  another  engine  having  a  considerably  less  regular  injection 
lift  pattern,  an  average  lift  was  computed  using  data  points  forward 
from  the  peak  level  until  the  value  was  less  than  90%  of  the  peak  level. 
Start  of  injection  was  defined  as  when  the  lift  curve  first  reached  20% 
of  this  average  lift.  End  of  injection  was  defined  as  the  point  after 
peak  value  when  the  lift  dropped  below  10%  of  the  average  lift  or  when 
the  injector  pressure  fell  equal  to  or  below  the  pre-chamber  pressure, 
whichever  occurred  first.  These  points  are  illustrated  in  figure  5-1. 

The  start  of  combustion  is  defined  from  the  dP/d0  data.  Comparison 
of  dP/d0  for  firing  and  motored  data  clearly  illustrates  that  the  mini¬ 
mum  immediately  before  the  peak  value  for  firing  data  is  the  start  of 
the  combustion  process  (SOC).  This  point  is  illustrated  in  figure  5-1. 
The  operator  has  the  option  to  accept  the  estimate  of  this  point  deter¬ 
mined  by  the  computer  software  or  to  select  a  different  point.  Each 
time  a  different  point  is  selected,  the  graphical  display  showing  the 
derivative  and  the  selected  location  of  the  minimum  is  shown.  The 
computation  does  not  advance  until  the  operator  accepts  the  new  value. 
Ignition  delay  is  simply  the  angular  difference  between  the  SOI  and  SOC 
based  upon  these  definitions. 


Several  other  parameters  were  determined  directly  from  measurements 
from  the  results  data.  They  include  the  following: 

1.  Pre-chamber  pressure  at  start  of  combustion 

2.  Maximum  pre-chamber  pressure  and  associated  CA° 

3.  Maximum  rate  of  change  of  pre-chamber  pressure  in  psi/CA° 

4.  Estimated  bulk  gas  temperature  at  SOI 

A  very  simplified  approach  based  on  the  work  of  Rassweiler  and 
Withrow  (5-3)  was  used  to  estimate  heat  release  during  the  combustion 
process.  Their  work  indicates  that  during  combustion,  the  change  in 
cylinder  pressure  from  one  point  to  the  next  is  made  up  of  a  component 
due  to  the  change  in  cylinder  volume  and  a  component  due  to  combustion. 
Calculated  motoring  data  provides  the  pressure  component  due  to  cylinder 
volume  change  so  that  the  component  due  to  combustion  can  be  determined 
by  a  simple  subtraction  operation.  The  end  of  combustion  is  defined  as 
the  angular  position  at  which  the  combustion  component  of  the  pressure 
change  becomes  zero  or  negative.  Since  no  attempt  is  made  to  account 
for  the  heat  transfer  from  the  gas  to  the  walls,  the  heat  release  infor¬ 
mation  determined  is  called  "apparent  heat  release"  to  indicate  that  is 
not  determined  from  a  comprehensive  combustion  analysis.  From  this 
information,  terms  comparable  to  cumulative  heat  release,  Rate  of  Heat 
Release  (ROHR)  and  the  derivative  of  ROHR  were  determined.  All  were  put 
on  a  normalized  basis  so  that  there  would  be  no  confusion  that  these 
were  actual  heat  release  values  and  so  that  the  relative  shapes  of  the 
curves  could  be  easily  compared. 


The  curves  determined  from  the  apparent  heat  release  information 
were  used  to  compute  three  combustion  parameters  described  by  Wade,  et 
al .  (5-4).  The  computation  of  these  parameters  uses  the  assumption 

that  the  diesel  combustion  process  can  be  approximately  described  as 
having  an  initial  mode  of  combustion  similar  to  the  spark  ignition 
engine  where  fuel  and  air  are  mixed  together  in  combustible  proportions 
and  the  flame  propagates  through  the  mixture.  This  mode  is  called 
premixed  combustion.  It  is  followed  by  the  diffusion  mode  of  combustion 
where  the  fuel  is  still  diffusing  into  the  air  in  the  cylinder  and 
combustion  is  occurring  in  regions  of  this  process  were  the  local  mix¬ 
ture  will  support  combustion.  The  three  parameters  determined  were: 


Premixed  Combustion  - 
Fraction  (PCF) 


The  fraction  of  the  total  apparent 
heat  release  which  occurs  at  the  end 
of  the  premixed  combustion  mode. 


Premixed  Combustion 
Index  (PCI) 


The  ratio  of  the  cumulative  apparent 
heat  release  to  the  cumulative  avail¬ 
able  heat  release  at  the  end  of  the 
premixed  mode. 


Diffusion  Combustion 
Index  (DCI ) 


The  ratio  of  the  average  apparent  rate 
of  heat  release  in  the  diffusion  mode 
to  the  average  available  rate  of  heat 
release,  excluding  the  heat  release  in 
the  premixed  mode. 
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Figure  5-2  illustrates  the  computation  of  these  three  parameters.  Since 
it  is  obvious  that  the  key  item  in  these  computations  is  the  accurate 
location  of  the  end  of  premixed  combustion,  figure  5-3  is  included  to 
illustrate  how  this  location  is  determined  for  both  IDI  and  DI  engines. 
Both  of  these  figures  are  reproduced  from  reference  5-4.  The  computer 
software  does  select  a  point  as  the  end  of  premixed  combustion  based 
upon  criterion  1  or  criterion  2  as  shown  in  figure  5-3.  Unfortunately, 
the  minima  shown  for  the  rate  of  change  of  ROHR  is  not  always  as  obvious 
as  that  shown  in  the  figure.  For  this  reason,  the  operator  must  always 
accept  the  computer  determination  of  the  end  of  premixed  combustion  and 
may  select  a  different  point  if  appropriate.  Again,  this  is  an  itera¬ 
tive  process  that  allows  the  operator  to  try  several  different  values 
before  accepting  a  final  value. 

The  available  energy  shown  in  figure  5-2  is  the  cumulative  fuel 
energy  present  in  the  cylinder  for  any  given  moment.  It  is  determined 
directly  from  the  estimated  fuel  flow  across  the  injector.  The  fuel 
flow  is  assumed  to  be  proportional  to  the  injector  lift  (approximate 
flow  area)  and  the  square  root  of  the  difference  between  the  injector 
pressure  and  the  pre-chamber  pressure.  The  flow  coefficient  is  computed 
for  each  data  run  using  the  average  measured  mass  flow  of  fuel  as  the 
known  parameter.  Once  the  coefficient  has  been  computed,  the  instanta¬ 
neous  flow  at  each  sample  point  is  determined. 

5.4  Data  Quality  Measures 

A  variety  of  measures  were  taken  to  ensure  the  quality  and  consis¬ 
tency  of  the  data  presented.  In  the  laboratory,  pressure  data  were 
displayed  on  the  laboratory  computer  screen  in  graphical  form  to  allow 
the  operator  to  determine  if  the  data  taking  operation  had  been  suc¬ 
cessful.  The  use  of  the  processing  digital  oscilloscope  provided  a 
continual  visual  check  on  the  quality  and  consistency  of  data  being 
taken  and  recorded.  The  nature  of  this  system  allowed  replacement  data 
to  be  taken  if  some  random  problem  was  discovered  in  the  laboratory 
data.  In  addition,  transducer  calibrations  were  checked  periodically 
both  for  static  and  dynamic  performance.  The  log-pressure  vs  log-volume 
plot  for  motoring  operation  shown  in  figure  5-4  is  for  data  taken  at  the 
conclusion  of  the  test  program  after  several  hundred  hours  of  operation 
with  the  AVI  8QP505A  pressure  transducer.  The  linear  relationship  for 
compression  and  expansion,  particularly  at  lower  pressure  levels,  is  a 
good  indicator  of  the  condition  and  stability  of  this  transducer. 

During  the  data  reduction  process,  numerous  intermediate  answers 
were  displayed  for  operator  review  and  acceptance  to  determine  that  all 
data  were  being  processed  properly  and  that  answers  were  at  least  "rea¬ 
sonable".  As  previously  mentioned,  plots  of  crankcase  pressure  were 
used  to  determine  if  any  change  in  blowby  or  upper  cylinder  condition 
occurred  during  the  program.  Also,  log-pressure  vs  log-volume  plots 
were  prepared  to  provide  a  visual  indication  of  phasing  accuracy  and  the 
use  of  a  reasonable  value  for  absolute  pressure  calibration. 

Although  many  measures  were  taken  to  ensure  the  quality  of  labora¬ 
tory  data,  computed  results  were  carefully  examined  and  compared  to 
determine  if  any  data  inconsistencies  existed.  If  there  was  a  major 
discrepancy  or  other  problem,  additional  runs  were  performed. 
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Figure  5-2  Determination  of  Diesel  Combustion 

Analysis  Parameters  (From  Reference  5-4) 
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6.  Results 

The  results  section  also  contains  a  complete  example  of  the  calcu¬ 
lated  data  and  plotted  results  that  were  generated  for  each  fuel  at  each 
test  condition.  Complete  sets  of  these  calculated  data  are  included  in 
the  appendices  since  they  are  too  voluminous  for  inclusion  in  the  body 
of  the  report. 

Since  all  the  detailed  calculated  results  are  not  included  in  the 
body  of  the  report,  summary  graphical  results  were  prepared  for  all  the 
test  conditions  for  each  fuel  examined.  A  substantial  portion  of  this 
section  is  devoted  to  the  presentation  and  discussion  of  these  results. 

Considerable  effort  was  devoted  to  reducing  and  presenting  data  from 
the  DOE/Ricardo  program  in  a  format  that  could  be  directly  compared  with 
results  from  this  test  program.  Summary  graphical  results  are  presented 
in  the  same  format  as  that  used  for  cetane  engine  results  and  appropri¬ 
ate  comparisons  are  made  where  possible. 

6.1  Fuel  Property  Information 

As  previously  mentioned,  there  was  substantial  fuel  property  infor¬ 
mation  available  for  the  fuels  used  in  this  test  program.  Unfortu¬ 
nately,  these  tests  were  not  performed  for  all  the  fuels  used  in  this 
program  so  they  could  not  be  used  effectively  in  determining  fuel  prop¬ 
erty  effects  on  engine  performance  and  emissions.  Table  6-1  has  been 
prepared  to  summarize  the  normal  fuel  properties  information  previously 
presented  in  section  2.  This  summary  information  is  presented  here  for 
ready  reference  in  correlating  fuel  properties  with  engine  performance, 
emissions,  and  combustion  characteristics. 

6.2  Example  Detailed  Results  for  Cetane  Engine 

For  each  fuel  tested  at  each  operating  condition,  considerable 
detailed  information  about  the  performance  and  emissions  of  the  engine 
was  measured.  This  information  was  processed  to  provide  a  variety  of 
calculated  and  graphical  results.  The  tabular  and  graphical  information 
for  each  data  run  fill  approximately  16  pages.  Since  it  was  not  practi¬ 
cal  to  include  all  this  information  in  the  body  of  this  report,  an 
example  of  the  tabulated  and  graphical  information  is  described. 

6.2.1  Calculated  Data,  Cetane  Engine 

Figures  6-1  and  6-2  are  reproductions  of  the  laboratory  data  sheets 
for  engine  performance  and  particulate  emissions,  respectively.  They 
were  previously  described  in  section  4  of  this  report.  They  are 
included  here  to  illustrate  the  complete  data  package  for  each  test  run, 
from  laboratory  data  sheets  to  plotted  results.  All  figures  use  data 
set  CD1H124A,  taken  August  13,  1986.  This  data  set  is  for  the  DOE  #1 
fuel  at  full  load  with  optimum  injection  timing. 

Figure  6-3  is  an  example  of  the  calculated  results  for  engine  per¬ 
formance  and  emissions.  Section  1  of  the  calculated  results  displays 
the  operating  conditions  under  which  the  data  were  taken.  Section  2 
gives  the  calculated  results.  The  engine  performance  results  for 
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Data  Sheet 

SINGLE  CYLINDER  DIESEL  ENGINE 


Date:  11~ 07-1986  Data  set: 

Operator:  MEM  &  MWL  Run  date: 


I.  Fuel  Characteristics: 

a)  Fuel  Number  :  DOE-1 

b)  Fuel  Description  :  PHILLIPS  D-2 

c)  Physical  Properties  :  LHV  =  18321  ,  Y  =  1.78  ,  X  = 


II. 


Operating  Conditions: 

a)  Barometric  Pressure  :  28.93  in. 

b)  Nozzle  Number  : 

c)  Engine  Speed  : 

d)  Air  Intake  Temperature  : 

e)  Oil  Temperature  : 

f)  Coolant  Temperature  : 

g)  Critical  Flow  Nozzle  Temperature 

h)  Critical  Flow  Nozzle  Pressure  : 

i)  Manifold  Pressure  : 

j)  Exhaust  Pressure  : 

k)  Injection  Advance  Setting  : 


Hg.  at  87  Deg.  F 
16 

1200  RPM 
150  Deg.  F 
154  Deg.  F 
212  Deg.  F 
:  84  Deg.  F 

46.4  Psia 

14.5  Psia 

0  in.  water 

9.5  Deg.  BTDC 


III.  Exhaust  Emissions  and  Test  Conditions: 


Rur 

i  Number 

1 

2 

3 

4 

5 

a) 

HC  (ppm.  Cl) 

210 

190 

190 

190 

220 

b) 

NOx  (ppm) 

520 

480 

500 

490 

490 

c) 

CO  (%) 

0.081 

0.078 

0.074 

0.074 

0.083 

0 

d) 

C02  (%) 

10.8 

10.8 

10.8 

10.8 

10.6 

e) 

02  (%) 

5.8 

5.8 

5.8 

5.8 

5.8 

f) 

Bosch  Smoke 

5.3 

5.0 

5.0 

4.8 

5.3 

g) 

Fuel  Flow  3.070 

(min) 

for  .1  lbm 

3.062 

3.080 

3.052 

3.062 

3 

h) 

Firing  Force 
(lb) 

13.7 

14.0 

13.9 

13.9 

13.9 

i) 

Fuel  Temp. 

(Deg.  F) 

85 

86 

86 

86 

87 

j) 

Exhaust  Temp. 
(Deg.  F) 

772 

776 

774 

776 

769 

k) 

Motoring  Force 

:  10.9 

lbf 

(zero  = 

0  ,  11 

lb  cal . 

= 

IV.  Comments: 

HANDWHEEL  SETTING  0.947  -  TIMING  CHANGED  TO  10.1 


Figure  6-1  Example  Laboratory  Data  Sheet  for  Cetane  Engine 
Performance  and  Emissions 


B:CD1H124A 

08-13-1986 


.00039 


Avg/Dev  (%) 

200/  7.07 
496/  3.06 
.078/  5.21 
10.8/  0.83 
5.8/  0.00 
5.1/  4.27 
.065/  0.34 


13.9/  0.79 
86/  0.82 
773  /  0.38 
11  ) 


Particulates  Data  Sheet 
SINGLE  CYLINDER  DIESEL  ENGINE 


Date:  11-07-1986 
Operator  :  MEM  &  MWL 

V.  Dilution  Tunnel  Data  : 

a)  Dilution  Nozzle  Pressure  :  17  psig 

b)  Tunnel  Back  Pressure  :  1  in.  H20 

c)  Background  C02  Reading  :  9  =  330  ppm 

d)  Tunnel  C02  Reading  :  61  =  9935  ppm 

e)  Dilution  Ratio  :  10.3 

VI.  Particulates  Data  : 


Run  Number 

1 

2 

3 

4 

5 

a)  Filter  No. 

D14A-6 

D14A-7 

D14A-8 

D14A-9 

D14A-10 

b)  Sample  Temp  (°F) 

150 

150 

150 

150 

150 

c)  Filter  Temp  (°C) 

48 

49 

49 

50 

50 

d)  Sample  Flow  (cfh) 

75 

75 

75 

75 

75 

e)  Initial  Filter  Wt  (mg) 

75.62 

77.68 

76.39 

76.60 

77.67 

f)  Final  Filter  Wt.  (mg) 

89.51 

89.71 

88.29 

88.11 

89.61 

g)  Filter  Wt.  Dif.  (mg) 

13.89 

12.03 

11.90 

11.51 

11.94 

h)  Initial  Dry  Test  (ft3) 

637.91 

646.42 

654.83 

662.68 

670.40 

i)  Final  Dry  Test  (ft3) 

646.42 

654.83 

662.68 

670.40 

677.79 

j)  Dry  Test  Diff.  (ft3) 

8.51 

8.41 

7.85 

7.72 

7.39 

k)  Dry  Test  Temp  (°C) 

34 

34 

34 

34 

34 

1)  Dry  Test  Press,  (psi) 

0.50 

0.50 

0.50 

0.50 

0.50 

m)  Sample  Volume  (cu  M) 

0.2303 

0.2276 

0.2124 

0.2089 

0.2000 

.  Mass  Particulates  (mg/m3) 

Run  No.  1  2 

3 

4 

5  i 

4vg.  1 

Dev.  (%) 

mg/m3  60.3  52.9 

56.0 

55.1 

59.7 

56.8 

5.6 

Figure  6-2  Example  Laboratory  Data  Sheet  for  Cetane  Engine 
Particulates  Measurements 


Data  set:  B:CD1H124A 
Run  date:  08-13-1986 


EMISSIONS  DATA 
CALCULATED  RESULTS 


Date:  11-01-1986  Data  Set:  CD1H124A 

Fuel:  DOE-1,  PHILLIPS  D-2  Run  Date:  08-13-1986 


1.  Operating  Conditions 

RPM:  1200  Inlet  Air  Temp.:  150  °F 

Load:  FULL  Inlet  Pressure:  14.50  psia 

Injection  Timing:  9.5  °BTDC  Fuel  Flow  Rate:  0.0326  lb/min 

Carbon  Based  Air/Fuel  Ratio:  20.1 


2.  Calculated  Results 

The  following  results  were  computed  using  the  average  values  of 
the  measured  variables  for  the  data  runs. 

A.  Performance 

Brake  Friction  Indicated 


Torque,  lb-ft  (N-m): 

13.9  (18.8) 

10.9  (14.8) 

24.8  (33.6) 

Power,  hp  (kw): 

3.17  (2.37) 

2.49  (1.86) 

5.66  (4.22) 

Mean  Effective  Pressure, 

psi  (kPa): 

56.1  (387) 

44.1  (304) 

100.2  (691) 

Specific  Fuel  Consumption, 

lb/hp-hr  (pgm/J): 

0.617  (104.2) 

....  (...) 

0.346  (  58.4 

Efficiency,  %  : 

22.5 

— 

40.2 

Emissions  Results  Based  on 

Indicated  Power 

gm/ihp-hr 

pgm/J 

gm/kg  fuel 

Hydrocarbons: 

0.289 

0.108 

1.845 

Carbon  Monoxide: 

2.29 

0.85 

14.59 

Oxides  of  Nitrogen  (NOx): 

2.39 

0.89 

15.24 

Mass  Particulates: 

1.371 

0.512 

8.76 

Emissions  Results  Based  on 

Brake  Power 

gm/bhp-hr 

pgm/J 

gm/kg  fuel 

Hydrocarbons: 

0.516 

0.192 

1.845 

Carbon  Monoxide: 

4.08 

1.52 

14.59 

Oxides  of  Nitrogen  (NOx): 

4.26 

1.59 

15.24 

Mass  Particulates: 

2.448 

0.913 

8.76 

D.  Bosch  Smoke:  5.1  Bosch  units 

Figure  6-3  Example  Calculated  Results  Sheet  for  Performance 
and  Emissions,  Cetane  Engine 


torque,  power,  mean  effective  pressure,  specific  fuel  consumption,  and 
efficiency  are  presented  in  section  2A.  Notice  that  brake,  friction  and 
indicated  values  are  given  in  both  English  and  metric  units.  Section  2B 
gives  the  specific  emissions  based  upon  indicated  power  output.  Values 
for  unburned  Hydrocarbons,  Carbon  Monoxide,  Oxides  of  Nitrogen,  and  Mass 
Particulates  are  shown  in  units  of  gm/ihp-hr,  pgm/J,  and  gm/kg  of  fuel. 
Section  2C  provides  similar  results  for  brake  specific  emissions. 

Figure  6-4  is  an  example  of  the  calculated  combustion  parameters  for 
the  given  data  set.  It  includes  a  significant  amount  of  information 
that  is  derived  from  the  experimental  data  shown  in  the  plots  of  the 
following  section.  In  practice,  the  computer  software  determines  these 
parameters  from  the  reduced  data  directly.  The  plots  provided  in  the 
following  section  are  primarily  an  aid  to  assist  in  visualizing  the 
results  and  determining  if  any  errors  may  have  occurred. 

Figure  6-5  is  an  example  of  quality  checks  performed  to  test  for 
data  consistency  by  calculating  specific  results  using  more  than  one 
approach  employing  independent  data.  Air-fuel  ratio  determined  from 
measured  fuel  flow  and  measured  air  flow  is  compared  to  the  air-fuel 
ratio  determined  from  exhaust  emissions  measurements.  Nominal  differ¬ 
ences  are  less  than  3%  with  exceptions  usually  traceable  to  discrepan¬ 
cies  in  air  flow  measurement.  Indicated  mean  effective  pressure  is 
computed  using  dynamometer  force  arm  measurements  and  compared  to  the 
imep  determined  from  the  area  under  the  P-V  diagram.  This  area  is 
determined  using  the  phase  shift  from  the  imep  matching  method  with  main 
chamber  pressure  data  and  from  the  slope  method  using  the  pre-chamber 
pressure  data.  Comparisons  using  the  shift  determined  from  main  chamber 
pressure  are  usually  within  1%.  Comparison  using  the  shift  determined 
from  the  pre-chamber  slope  method  are  usually  within  10%.  Considering 
the  fact  that  different  transducers  are  used  and  the  pre-chamber  data 
must  be  synchronized  with  the  main  chamber  pressure  data,  these  differ¬ 
ences  are  considered  acceptable. 

6.2.2  Graphical  Results,  Cetane  Engine 

Data  taken  using  the  data  acquisition  systems  involves  a  large 
number  of  data  points  that  have  little  meaning  in  numerical  form. 
Therefore,  graphical  results  are  most  useful  for  interpreting  these 
data.  Three  types  of  graphical  data  are  included  in  the  presentations. 
The  first  series  of  plots  display  full  cycle  information  calculated  from 
data  taken  with  the  IBM-PC  data  acquisition  system.  The  second  series 
of  plots  display  information  calculated  from  the  high  speed  data 
acquired  with  the  Norland  processing  oscilloscope.  The  third  type  of 
graphical  presentations  display  information  related  to  heat  release 
determined  from  the  high  speed  data  acquired  for  the  Norland  oscillo¬ 
scope  . 

Figure  6-6  is  a  full  cycle  plot  of  the  main  chamber  pressure  as  a 
function  of  CA°.  This  plot  is  the  ensemble  average  of  over  90  consecu¬ 
tive  pressure  cycles.  Only  100  CA°  of  the  information  about  TDC  are 
displayed  so  that  the  results  can  be  directly  compared  to  those  obtained 
from  the  high  speed  Norland  system.  Also,  the  area  of  greatest  interest 
is  in  the  vicinity  of  TDC  where  the  combustion  process  begins  and  pro¬ 
ceeds.  Figure  6-7  is  the  estimate  of  the  standard  deviation  for  the 


COMBUSTION  PARAMETERS 
CALCULATED  RESULTS 


Date:  11-10-1986 

Fuel :  DOE-1,  PHILLIPS  D-2 


Data  Set:  CD1H124A 
Run  Date:  08-13-1986 


1.  Operating  Conditions 

RPM:  1200 

Load:  FULL 

Injection  Timing:  9.5  °BTDC 


Inlet  Air  Temp . :  150  °F 
Inlet  Pressure:  14.50  psia 
Fuel  Flow  Rate:  0.0326  lb/min 


Carbon  Based  Air/Fuel  Ratio:  20.1 


2.  Calculated  Results 

The  following  results  were  computed  using  the  approach  described 
by  Wade  and  Hunter  in  their  paper,  'Analysis  of  Combustion  Performance 
of  Diesel  Fuels',  presented  at  the  CRC  Workshop  on  Diesel  fuel 
Combustion  Performance,  Atlanta,  Georgia,  September  14,  1983. 

The  combustion  parameter  data  used  in  the  computations  were  determined 
by  manual  observation  and  measurement  of  the  pressure  and  heat  release 
information  contained  in  the  plotted  data  results  for  in  cylinder 
measurements 

a)  Dynamic  Injection  Timing  :  9.1  °BTDC 

b)  Prechamber  Pressure  at  S0C  :  543  psi 

c)  Crank  Angle  degrees  at  SOC  :  354.8  Crank  Angle  Degrees 

d)  Ignition  Delay  :  3.9  Crank  Angle  Degrees 

e)  Combustion  Period  in  CA  °  :  21.2  Crank  Angle  Degrees 

f)  Prechamber  Peak  Pressure  :  791  psi 

g)  Peak  Pressure  crank  angle  :  367.5  Crank  Angle  Degrees 

h)  Prechamber  Peak  Rate  of  Pressure  Rise  :  35.4  psi/CA° 

i)  Main  Chamber  Peak  Pressure  :  767  psi 

j)  Angle  at  maximum  ROHR  :  360.8  Crank  Angle  Degrees 

k)  Est.  Bulk  Gas  Temp,  at  injection  :  1065  °R 

l)  Premixed  Combustion  Fraction  (PCF):  0.070 

m)  Premixed  Combustion  Index  (PCI)  :  0.164 

n)  Diffusion  Combustion  Index  (DCI)  :  0.868 

Figure  6-4  Example  Calculated  Results  Sheet  for  Combustion 
Parameters,  Cetane  Engine 


DATA  QUALITY  CHECK 
CALCULATED  RESULTS 


Date:  01-03-1987 

Fuel:  DOE-1,  PHILLIPS  D-2 


Data  Set:  B:CD1H124A 
Run  Date:  08-13-1986 


OPERATING  CONDITIONS 


RPM:  1200 

Load:  FULL 

Injection  Timing:  10.0  °BTDC 


Inlet  Air  Temp. : 
Inlet  Pressure: 
Fuel  Flow  Rate: 


150  °F 
14.50  psia 
0.0326  lb/min 


Carbon  Based  Air/Fuel  Ratio:  20.1 


DATA  QUALITY  CHECK  ITEMS 


1.  IMEP  determined  from  dynamometer  force  arm  measurements  :  100.2  psi 

2.  IMEP  determined  from  shifted  main  chamber  pressure  data  :  100.5  psi 

3.  Dif.  between  dynamometer  measured  and  main  chamber  IMEP's  :  0.3  % 

4.  IMEP  determined  by  using  data  shift  from  prechamber  :  91.5  psi 

5.  Dif.  between  dynamometer  measured  and  prechamber  shift  IMEP’s  :  -8.7  % 

6.  A/F  ratio  based  on  fuel  flow  and  air  flow  measurements  :  19.8 

7.  Dif.  between  carbon  based  and  flow  measured  A/F  ratios  :  -1.2  % 


Figure  6-5  Example  Calculated  Results  for  Data  Quality  Check, 
Cetane  Engine 
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ensemble  average  of  full  cycle  data.  This  information  is  also  quite 
useful  in  the  vicinity  of  TOC  in  that  it  gives  a  direct  indication  of 
the  variability  of  the  combustion  process  over  a  reasonable  number  of 
cycles. 

Figure  6-8  shows  the  ensemble  average  of  the  main  chamber  pressure 
data  for  a  complete  cycle.  The  log-pressure  vs  log-volume  format  for 
the  information  is  quite  useful  in  determining  data  quality  and  charac¬ 
teristics  for  the  run.  A  relatively  straight  compression  line  and 
appropriately  shaped  pumping  loop  usually  indicate  that  the  system  is 
working  properly  and  there  is  no  reason  to  be  suspicious  of  the  data. 
Also,  other  characteristic  features  of  the  plot,  such  as  the  shape  near 
TDC  during  the  combustion  process  and  the  linear  nature  of  the  expansion 
process  as  the  piston  covers  the  lower  part  of  its  travel,  provide 
indications  of  the  operating  conditions  and  data  quality.  The  consis¬ 
tent  shape  of  the  pumping  loop  at  the  lower  part  of  the  figure  is  also  a 
good  indicator  that  the  transducer  system  is  functioning  well  since 
these  data  are  from  measurements  representing  about  1%  of  the  trans¬ 
ducer's  dynamic  range. 

The  crankcase  pressure  shown  plotted  in  figure  6-9  is  one  of  the 
data  quality  checks  performed  for  each  data  run.  The  purpose  of  this 
measurement  is  to  observe,  over  the  period  of  the  test  program,  any 
changes  in  the  crankcase  pressure  that  would  indicate  increased  blowby 
or  other  upper  cylinder  problems  with  the  engine.  The  characteristic 
shape  of  this  figure  did  not  change  for  any  of  the  observed  data  sets, 
indicating  that  blowby  and  upper  cylinder  problems  did  not  occur  during 
the  test  program.  For  this  reason,  the  individual  plots  for  each  data 
set  are  not  included  in  the  appendix  information  in  an  effort  to  conso¬ 
lidate  already  voluminous  material. 

Figure  6-10  is  the  first  of  several  figures  displaying  the  cali¬ 
brated  results  from  data  gathered  with  the  Norland  high  speed  data 
acquisition  system.  The  pre-chamber  pressure  and  the  calculated  esti¬ 
mate  of  the  motored  pressure  (both  plotted  to  the  same  scale)  are  shown 
in  this  figure.  The  figure  provides  a  quick  visual  indication  of  the 
general  pressure  shape  due  to  combustion  and  also  indicates  the  quality 
of  the  calculated  estimate  of  the  motored  pressure. 

Figure  6-11  is  a  duplication  of  the  main  chamber  pressure  measure¬ 
ment  shown  in  figure  6-6.  The  difference  is  that  the  data  shown  in 
figure  6-11  were  taken  with  the  Norland  high  speed  data  acquisition 
system  with  a  resolution  of  0.1  to  0.2  CA°.  Those  shown  in  figure  6-6 
were  taken  with  the  IBM-PC  data  acquisition  system  which  has  a  resolu¬ 
tion  of  1  CA°.  Comparison  of  the  two  figures  indicates  good  correlation 
between  the  data  acquisition  systems. 

The  derivative  of  the  pre-chamber  pressure  is  shown  in  figure  6-12. 
Two  pieces  of  information  were  drawn  from  this  data  -  the  start  of 
combustion,  as  previously  defined,  and  the  peak  rate  of  pressure  change, 
as  determined  from  the  largest  maximum  from  the  plot.  An  unsealed  plot 
of  the  injector  lift  data  is  included  in  this  figure  to  provide  a  refer¬ 
ence  between  start  of  injection  and  start  of  combustion. 
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Three  different  sets  of  data  are  shown  in  figure  6-13.  They  are  the 
injector  lift  data,  the  injector  pressure  data,  and  the  pre-chamber 
pressure  data.  The  pressure  data  are  plotted  to  the  same  scale  and  the 
injector  lift  data  is  unsealed.  This  figure  was  prepared  primarily  to 
aid  in  visualizing  the  variables  that  have  a  major  influence  on  fuel 
flow  across  the  injector  nozzle.  The  injector  lift  data  is  related  to 
the  instantaneous  flow  area  and  the  difference  between  injector  and 
pre-chamber  pressures  is  the  pressure  drop  across  this  flow  area.  The 
instantaneous  values  of  the  variables  are  used  to  estimate  the  instanta¬ 
neous  fuel  flow  into  the  combustion  chamber.  This  information  is  used 
to  compute  the  fuel  energy  available  for  combustion  at  any  given  time,  a 
term  needed  in  the  determination  of  computed  combustion  parameters  PCF, 
PCI,  and  DC  I . 

The  estimated  bulk  gas  temperature  during  the  final  stages  of  the 
compression  process  is  shown  in  figure  6-14.  The  intended  value  of  this 
term  was  to  investigate  if  injection  timing  changes  were  sufficient  to 
significantly  change  the  air  temperature  into  which  fuel  was  injected. 
Experience  with  the  data  has  indicated  that  there  is  greater  variability 
in  temperature  due  to  slight  changes  in  apparent  gas  properties  (com¬ 
pression  index)  than  any  induced  by  injection  timing  changes. 

Figures  6-15,  6-16,  and  6-17  are  plots  of  apparent  heat  release 
information  computed  from  the  results  information  just  described.  Figure 
6-15  shows  the  fractional  energy  available  on  a  cumulative  basis  and  is 
similar  to  cumulative  heat  release.  The  solid  line  represents  cumula¬ 
tive  heat  release  due  to  combustion.  The  dashed  line  represents  the 
cumulative  fuel  energy  available  in  the  combustion  chamber  and  was 
computed  from  the  information  described  in  figure  6-13.  As  described  in 
section  5,  this  cumulative  energy  information  is  used  in  the  computation 
of  the  combustion  parameters  PCF,  PCI,  and  DCI. 

Figure  6-16  presents  the  normalized  Rate  of  Heat  Release  (R.O.H.R.). 
In  essence,  this  is  the  result  determined  directly  from  the  pressure 
change  due  only  to  combustion  as  described  in  section  5.  It  is  included 
as  useful  reference  information. 

Figure  6-17  is  a  display  of  the  normalized  derivative  of  R.O.H.R. 
This  information  is  used  in  conjunction  with  the  cumulative  heat  release 
information  of  figure  6-15  to  determine  the  end  of  the  pre-mixed  combus¬ 
tion  mode.  The  exact  rules  for  determining  the  end  of  premixed  combus¬ 
tion  are  described  in  section  5.  In  the  example  shown  in  figure  6-17, 
there  is  a  clear  relative  minimum  of  the  derivative,  indicating  the  end 
of  the  pre-mixed  combustion  mode.  In  several  cases  for  the  cetane 
engine  and  the  Ricardo  IDI  engine,  this  relative  minimum  was  not  readily 
obvious.  In  those  cases  the  end  of  premixed  combustion  was  manually 
selected,  usually  at  an  inflection  point  on  the  derivative  curve  that 
preceded  the  criterion  that  all  fuel  energy  had  been  delivered  to  the 
combustion  chamber. 

6.3  Example  Detailed  Results  for  Ricardo  Engines 

The  original  objective  in  reducing  the  data  from  the  DOE/Ricardo 
program  was  to  process  the  information  using  the  same  assumptions  and 
computational  approaches  as  those  used  in  reducing  the  data  from  the 
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cetane  engine.  Preliminary  reduction  of  the  DOE/Ricardo  data  into  a 
form  that  could  be  used  directly  by  the  data  processing  software  for  the 
cetane  engine  was  the  original  goal.  In  most  major  aspects,  this  goal 
was  achieved.  The  primary  differences  are  related  to  information  not 
available  in  the  DOE/Ricardo  data. 

No  frictional  measurement  data  was  available  to  be  used  in  computing 
results  on  an  indicated  basis.  In  fact,  only  brake  specific  data  for 
emissions  was  available  in  the  DOE/Ricardo  report  (1-12).  Cylinder 
pressure  and  injector  lift  data  were  available;  however,  no  injector 
pressure  data  were  available.  These  differences  required  some  minor 
modification  to  the  available  computer  software  used  for  data  reduction 
and  plotting;  however,  the  changes  were  not  substantial  and  did  not 
represent  any  alteration  of  the  logic  or  algorithms  used  in  the  data 
reduction  process. 

All  data  for  emissions,  fuel  consumption,  and  air-fuel  ratio  were 
manually  read  from  the  graphical  data  contained  in  the  DOE/Ricardo 
report  and  entered  into  a  preparatory  computational  program.  The  high 
speed  data  for  cylinder  pressure  and  injector  lift  were  converted  from 
the  hex  format  in  which  they  were  received  and  calibrated  using  calibra¬ 
tion  information  supplied  by  Ricardo  (6-1).  Plots  of  specific  data 
files  showed  good  agreement  with  similar  information  shown  in  the 
Ricardo  report  indicating  that  this  portion  of  the  data  reduction  method 
was  satisfactory.  Once  this  fact  had  been  established,  the  DOE/Ricardo 
data  were  processed  to  provide  results  files  for  pressure  and  injector 
lift  similar  to  those  determined  for  the  cetane  engine  data.  Injector 
pressure  was  estimated  by  assuming  a  simple  sine  wave  shape  for  the 
pressure  data  and  computing  parameters  to  force  this  shape  to  fit  the 
opening  pressure,  peak  pressure,  and  closing  characteristics  assumed. 
Tests  with  sine  wave,  triangle  wave,  and  square  wave  estimates  for 
injector  pressure  shape  indicated  that  the  sine  wave  approach  provided 
the  most  consistent  results.  Hence,  all  data  presented  in  this  report 
assume  the  sine  wave  injector  pressure  shape  for  the  data  from  the 
Ricardo  engines.  Appropriate  results  files  were  also  created  for  this 
estimated  injector  pressure  data. 

Once  calibrated  pressure  data  were  available,  imep  data  were 
obtained  from  determination  of  the  area  under  the  P-V  data  for  each 
Ricardo  data  run.  These  imep  estimates  were  used  in  preparing  the 
calculated  results  shown  in  the  following  figures  for  engine  performance 
and  emissions. 

Since  no  original  data  for  emissions  or  engine  performance  terms 
were  available,  no  original  laboratory  data  sheets  are  available  for  the 
DOE/Ricardo  information.  Figure  6-18  presents  an  example  of  the  perfor¬ 
mance  and  emissions  results  taken  from  the  DOE/Ricardo  report  and  pres¬ 
sure  data  and  into  information  directly  comparable  to  that  provided  for 
the  cetane  engine.  Figure  6-19  shows  example  data  for  the  computed 
combustion  parameter  information  that  can  also  be  directly  compared  to 
data  for  the  cetane  engine. 

The  example  data  of  figure  6-20  shows  the  full  cycle  log-pressure  vs 
log-volume  data  presented  in  a  format  directly  comparable  to  results 
from  the  cetane  engine.  This  format  also  provides  a  good  visual  check 


EMISSIONS  DATA 
CALCULATED  RESULTS 


Date:  06-01-1987 

Fuel :  DOE  #2,  LOW  QUAl  MID  DIST 


Data  Set:  B:RD2H124A 
Run  Date:  RICARDO  IDI 


1.  Operating  Conditions 

RPM:  1200 

Load:  FULL 

Injection  Timing:  9.0  °BTDC 


Inlet  Air  Temp. 
Inlet  Pressure: 
Fuel  Flow  Rate: 


150  °F 
14.50  psia 
0.0383  lb/mi n 


Carbon  Based  Air/Fuel  Ratio:  19.8 


2.  Calculated  Results 

The  following  results  were  computed  using  the  average  values  of 
the  measured  variables  for  the  data  runs. 


A.  Performance 


Brake 


Friction 


Indicated 


Torque,  lb-ft  (N-m): 

21.5  (29.2) 

3.7  (  5.0) 

25.2  (34.2) 

Power,  hp  (kw): 

4.92  (3.67) 

0.84  (0.63) 

5.76  (4.29) 

Mean  Effective  Pressure, 

psi  (kPa): 

87.0  (600) 

14.8  (102) 

101.9  (702) 

Specific  Fuel  Consumption, 

lb/hp-hr  (pgm/J): 

0.467  (  78.9) 

— -  (  — ) 

0.399  (  67.4 

Efficiency,  %  : 

30.1 

— 

35.2 

Emissions  Results  Based  on 

Indicated  Power 

gm/ihp-hr 

pgm/0 

gm/kg  fuel 

Hydrocarbons: 

0.127 

0.047 

0.704 

Carbon  Monoxide: 

0.89 

0.33 

4.93 

Oxides  of  Nitrogen  (NOx): 

1.72 

0.64 

9.51 

Mass  Particulates: 

0.573 

0.214 

3.17 

Emissions  Results  Based  on 

Brake  Power 

gm/bhp-hr 

pgm/0 

gm/kg  fuel 

Hydrocarbons : 

0.149 

0.056 

0.704 

Carbon  Monoxide: 

1.04 

0.39 

4.93 

Oxides  of  Nitrogen  (NOx): 

2.01 

0.75 

9.51 

Mass  Particulates: 

0.671 

0.250 

3.17 

D.  Bosch  Smoke:  3.6  Bosch  units 

Figure  6-18  Example  Calculated  Results  Sheet  for  Performance 
and  Emissions,  Ricardo  IDI  Engine 
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COMBUSTION  PARAMETERS 
CALCULATED  RESULTS 


Date:  06-01-1987  Data  Set:  RD2H124A 

Fuel:  DOE  #2,  LOW  QUAL  MID  OIST  Run  Date:  JAN.  1985 

1.  Operating  Conditions 

RPM:  1200  Inlet  Air  Temp.:  150  °F 

Load:  FULL  Inlet  Pressure:  14.50  psia 

Injection  Timing:  9.0  °BT0C  Fuel  Flow  Rate:  0.0383  lb/min 

Carbon  Based  Air/Fuel  Ratio:  19.8 

2.  Calculated  Results 

The  following  results  were  computed  using  the  approach  described 
by  Wade  and  Hunter  in  their  paper,  'Analysis  of  Combustion  Performance 
of  Diesel  Fuels',  presented  at  the  CRC  Workshop  on  Diesel  fuel 
Combustion  Performance,  Atlanta,  Georgia,  September  14,  1983. 

The  combustion  parameter  data  used  in  the  computations  were  determined 
by  manual  observation  and  measurement  of  the  pressure  and  heat  release 
information  contained  in  the  plotted  data  results  for  in  cylinder 
measurements 

a)  Dynamic  Injection  Timing  :  7.4  °BTDC 

b)  Cylinder  Pressure  at  SOC  :  709  psi 

c)  Crank  Angle  degrees  at  SOC  :  357.0  Crank  Angle  Degrees 

d)  Ignition  Delay  :  4.4  Crank  Angle  Degrees 

e)  Combustion  Period  in  CA  0  :  20.2  Crank  Angle  Degrees 

f)  Peak  Cylinder  Pressure  :  909  psi 

g)  Peak  Pressure  crank  angle  :  368.4  Crank  Angle  Degrees 

h)  Peak  Rate  of  Pressure  Rise  :  34.0  psi/CA° 

i)  Angle  at  maximum  ROHR  :  363.5  Crank  Angle  Degrees 

j)  Est.  Bulk  Gas  Temp,  at  injection  :  1102  °R 

k)  Premixed  Combustion  Fraction  (PCF):  0.126 

l)  Premixed  Combustion  Index  (PCI)  :  0.247 

m)  Diffusion  Combustion  Index  (DCI)  :  0.879 

Figure  6-19  Example  Calculated  Results  Sheet  for  Combustion 
Parameters,  Ricardo  ID1  Engine 


on  the  quality  and  consistency  of  the  pressure  data  from  the  DOE/ 
Ricardo  program  and  helps  to  locate  any  errors  or  discrepancies  that 
occur  in  the  data  reduction  process. 

An  example  of  main  chamber  pressure  data  with  estimated  motoring 
results  is  shown  in  figure  6-21.  The  motoring  estimate  is  calculated 
using  the  P*Vn  relationship.  The  value  for  n  is  determined  from  the 
slope  of  the  log-pressure  vs  log-volume  relationship  during  the  compres¬ 
sion  process.  For  the  Ricardo  IDI  engine  this  data  is  not  directly 
comparable  to  the  data  for  the  cetane  engine  since  it  is  for  main  cham¬ 
ber  measurements  rather  than  pre-chamber  measurements. 

The  derivative  of  main  chamber  pressure  example  is  shown  in  figure 
.  6-22.  This  derivative  is  calculated  from  smoothed  pressure  data.  As 
with  the  cetane  engine  data,  the  first  minimum  of  the  derivative  before 
the  peak  value  is  used  to  determine  the  start  of  combustion.  In  some 
instances,  there  are  several  small  peaks  in  the  derivative  before  the 
maximum  value  is  reached.  When  necessary,  the  start  of  combustion  was 
manually  selected  as  the  first  minimum  of  this  group. 

Figure  6-23  shows  examples  of  the  injector  lift,  estimated  injector 
pressure,  and  main  chamber  pressure  for  the  Ricardo  IDI  engine.  Although 
not  entirely  accurate,  it  was  assumed  that  the  pressure  differences 
between  the  pre-chamber  and  main  chamber  were  small  enough  to  be 
neglected  in  computing  the  approximate  fuel  flow  into  the  engine  using 
the  injector  lift  and  pressure  difference  method  previously  described. 
The  figure  clearly  shows  the  sine  wave  shape  assumed  for  the  injector 
pressure  shape. 

An  example  of  the  plot  for  estimated  bulk  gas  temperature  for  the 
Ricardo  IDI  engine  is  shown  in  figure  6-24.  This  information  is  subject 
to  the  same  assumptions  and  limitations  that  apply  to  the  data  for  the 
cetane  engine. 

Figures  6-25,  6-26,  and  6-27  are  example  plots  of  apparent  heat 
release,  apparent  R.O.H.R,  and  the  derivative  of  R.O.H.R.  These  figures 
are  directly  comparable  to  figures  6-15,  6-16,  and  6-17,  respectively 
for  the  cetane  engine.  The  ability  to  make  this  type  of  comparison  was 
the  major  impetus  in  reducing  the  DOE/Ricardo  data  with  the  methods  used 
for  this  project. 

6.4  Summary  Graphical  Results  for  Cetane  Engine 

For  each  of  the  ten  fuels  tested  in  this  program,  eight  distinct 
data  runs  were  made.  Each  of  these  data  runs  is  described  by  tabular 
data  and  graphs  exceeding  15  pages  of  information.  It  is  not  reasonable 
to  expect  to  examine  this  volume  of  information  and  be  able  to  draw 
conclusions  from  the  individual  run  data.  For  this  reason,  it  was 
imperative  that  some  form  of  graphical  summary  information  be  prepared. 
Figures  6-28  through  6-57  are  this  graphical  summary  information. 

For  each  of  the  ten  test  fuels,  there  are  three  separate  pages  of 
graphical  information.  The  first  page  displays  selected  data  dealing 
with  engine  performance,  emissions,  and  fuel  consumption.  The  second 
page  presents  combustion  parameters  such  as  combustion  period  and  peak 
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cylinder  pressure.  The  third  page  is  used  to  display  the  calculated 
combustion  parameters:  ignition  delay,  Pre-mixed  Combustion  Fraction 
(PCF),  Pre-mixed  Combustion  Index  (PCI),  and  Diffusion  Combustion  Index 
( DC  I ) .  The  independent  variable  in  all  cases  is  imep,  used  as  an  indi¬ 
cation  of  engine  load.  The  data  are  coded  so  that  first  and  second  day 
runs  can  be  differentiated,  and  retarded  timing  and  additional  runs  are 
obvious.  The  pages  for  each  fuel  have  been  grouped  so  that  the  first 
pages  for  all  the  fuels  are  grouped  together  and  in  the  order  that  the 
fuels  are  described  in  table  6-1.  The  second  and  third  pages  are 
grouped  in  the  same  fashion.  It  was  felt  that  this  organization  would 
be  useful  in  making  comparisons  to  determine  fuel-related  effects. 

6.4.1  Test  Condition  and  Engine  Variable  Effects,  Cetane  Engine 

The  graphical  summary  results  were  first  examined  to  determine 
effects  that  were  due  primarily  to  test  conditions  or  engine  variables 
so  that  these  effects  would  be  easy  to  distinguish  from  fuel-related 
changes.  Comments  in  the  following  paragraphs  were  developed  after 
significant  study  and  comparison  of  figures  6-28  through  6-37. 

For  all  cases,  the  air-fuel  ratio  trend  was  as  expected,  showing  a 
decrease  with  increasing  imep  and  very  little  variation  between  tests  at 
the  same  conditions.  As  should  be  anticipated,  retarded  injection 
timing  has  no  effect  on  air-fuel  ratio.  Two  anomalies  were  noted  for 
the  CAPE  #6  fuel  at  medium  and  light  load.  In  these  cases,  the  air-fuel 
ratio  determined  from  measurement  of  fuel  flow  and  air  flow  differed 
significantly  from  the  carbon  based  air-fuel  measurement.  This  discre¬ 
pancy  was  attributed  to  problems  in  accurately  measuring  fuel  and  air 
flow.  These  measurement  problems  were  related  to  the  relatively  poor 
operation  of  the  engine  with  this  fuel  at  the  medium  and  light  load 
conditions. 

Specific  Oxides  of  Nitrogen  Emissions  ( ISNOy )  behaved  as  expected, 
decreasing  with  increasing  imep  (load).  The  rirher  overall  air-fuel 
ratio  and  the  larger  power  output  (larger  denominator  for  specific 
emissions)  at  higher  loads  explain  this  trend.  The  5  CA°  retard  in 
injection  timing  at  medium  load  produced  a  significant  reduction  in 
ISN0X  emissions. 

ISFC  (indicated  specific  fuel  consumption)  generally  increased  with 
increasing  imep,  and  the  5  CA°  retard  at  medium  load  had  little  effect 
on  this  variable.  This  result  is  not  what  would  be  generally  expected. 
Usually  ISFC  decreases  with  load  at  optimum  injection  timing  conditions. 
The  answer  lies  in  the  fact  that  the  internal  friction  for  the  cetane 
engine  is  very  large,  particularly  when  compared  to  light  load  brake 
output.  This  large  term  added  to  the  denominator  in  the  ISFC  computa¬ 
tion  significantly  distorts  the  result.  Additional  problems  were  noted 
in  the  values  of  ISFC  for  medium  and  light  load  using  the  CAPE  #6  fuel. 
As  indicated  in  the  discussion  of  air-fuel  ratio  characteristics,  medium 
and  light  load  results  for  the  CAPE  #6  fuel  were  questionable  because  of 
poor  engine  operation. 

The  mass  particulates  emissions  ( ISPart)  generally  increased  with 
increasing  imep  or  load.  This  result  is  expected  with  diesel  engines. 
The  5  CA°  retard  and  medium  load  also  tended  to  cause  an  increase  in 
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ISPart  emissions.  The  increase  due  to  retard  is  more  pronounced  with 
some  fuels  that  others. 

Hydrocarbon  emissions  ( ISHC)  show  some  reduction  with  increasing 
load  (imep).  It  is  hard  to  accurately  assess  the  effects  of  test  and 
operating  conditions  on  ISHC  emissions  since  they  display  wider  variab¬ 
ility  from  day-to-day,  even  when  operating  with  the  same  fuel  at  the 
same  test  conditions.  It  is  assumed  that  this  problem  is  related  to  the 
fact  that  the  injector  nozzle  tip  must  be  removed  and  cleaned  after 
approximately  8  hours  of  operation.  Even  though  the  same  injector  tip 
is  being  used,  the  cleaning  and  reassembly  operations  seem  to  cause 
differences  that  can  appear  in  ISHC  emissions. 

The  Bosch  smoke  data  are  consistent  with  the  mass  particulate  emis¬ 
sions  in  that  they  show  a  consistent  increase  in  the  Bosch  smoke  number 
with  increasing  load  (imep).  There  was  also  a  small,  but  consistent 
increase  in  the  Bosch  smoke  number  for  the  5  CA°  retarded  condition  at 
medium  load.  As  previously  mentioned,  these  results  were  anticipated 
based  upon  past  behavior  of  diesel  engine  systems. 

The  second  group  of  graphical  results  for  the  cetane  engine  deals 
with  combustion  parameters  that  have  a  direct  physical  meaning.  The 
discussion  in  the  following  paragraphs  refers  to  information  in  figures 
6-38  through  6-47. 

The  combustion  period  in  CA°  changes  as  expected.  The  period 
increased  with  load  (imep).  This  behavior  is  indicative  of  the 
increased  amount  of  fuel  that  must  be  burned  at  the  higher  load  condi¬ 
tions  and  the  nominally  constant  characteristics  of  flame  speed  and 
combustion  chamber  geometry. 

The  rate  of  pressure  rise  data  for  the  pre-chamber  pressure  of  the 
cetane  engine  shows  a  generally  wide  distribution  of  values  with  load 
for  all  fuels.  If  there  is  sensitivity  of  this  data  to  load  (imep),  it 
is  toward  a  slight  decrease  in  rate  with  increasing  load.  However,  the 
wide  scatter  of  data  does  not  strongly  support  this  observation. 

Retarded  timing,  on  the  o  er  hand,  produces  a  significant  reduction  in 
the  rate  at  medium  load.  The  reduction  is  on  the  order  of  50%  or  more. 

Peak  Pressure  data  for  pressure  in  the  pre-chamber  is  more  consis¬ 
tent  than  the  rate  of  pressure  rise  data;  however,  it  is  relatively 
insensitive  to  load.  As  might  be  expected,  there  is  a  slight  increase 
in  peak  pressure  with  load.  The  retarded  injection  timing  condition  at 
medium  load  causes  a  significant  reduction  in  peak  pressure  accompanied 
by  a  slight  loss  in  imep. 

The  estimate  of  the  bulk  gas  temperature  at  $01  (Start  of  Injection) 
shows  a  wide  variation  in  the  data.  The  nominal  trend  is  that  the 
temperature  is  relatively  insensitive  to  load.  This  should  be  the  case 
since  the  temperature  is  more  related  to  the  gas  properties  and  the 
compression  process  than  to  load  for  an  unthrottled  engine. 

The  third  set  of  graphical  results  deals  primarily  with  combustion 
parameters  that  are  computed  from  heat  release  characteristics.  The 
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discussion  in  the  following  paragraphs  is  based  upon  information  con¬ 
tained  in  figures  6-48  through  6-57. 


The  ignition  delay  is  relatively  insensitive  to  load  or  retarded 
timing  at  the  medium  load  condition.  The  poorer  quality  fuels  (DOE  #4 
and  CAPE  #6)  show  the  greatest  sensitivity  to  load  with  noticeable 
increases  in  the  ignition  delay  for  lighter  loads. 

The  pre-mixed  combustion  fraction  (PCF)  data  demonstrated  relatively 
large  variations.  It  was  relatively  insensitive  to  load  with  the  major¬ 
ity  of  fuels  showing  little  change  to  a  slight  increase  in  PCF  with 
load.  Values  were  typically  0.10  or  less.  The  retarded  injection 
timing  at  medium  load  showed  some  tendency  to  increase  the  PCF,  but  it 
was  not  a  strong  effect.  The  fact  that  the  values  used  to  determine  the 
PCF  were  relatively  small  compared  to  the  total  value  of  the  variables 
being  manipulated  caused  some  concern  about  the  accuracy  of  the  PCF 
reported.  This  problem  is  undoubtedly  reflected  in  the  PCF  data  varia¬ 
tions  observed. 
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The  pre-mixed  combustion  index  (PCI)  is  quite  similar  to  the  PCF  in 
measurement  and  determination  and  exhibits  similar  variations  in  data 
for  the  reasons  just  mentioned.  Most,  but  not  all,  fuels  show  some 
increase  with  load  (CAPE  #6  showed  no  increase  with  load).  Injection 
timing  retard  at  medium  load  caused  an  increase  in  the  PCI  for  several, 
but  not  all  fuels. 


Less  data  variation  was  noted  for  the  diffusion  combustion  index 
(DCI)  than  for  the  PCF  or  the  PCI.  For  most  of  the  fuels  tested  the  DCI 
was  relatively  insensitive  to  load.  However,  CAPE  #6  fuel  did  show  a 
definite  increase  with  load  (imep).  Retarded  injection  timing  at  medium 


load  had  a  tendency  to  increase  the  DCI  for  some,  but  not  all  the  fuels. 


6.4.2  Fuel  Effects,  Cetane  Engine 


The  previous  section  described  the  effects  of  engine  variables  and 
test  conditions  on  performance,  emissions,  and  combustion  parameters. 
This  section  is  devoted  to  describing  fuel  effects  on  these  dependent 
variables.  The  approach  used  is  to  compare  the  behavior  of  the  depen¬ 
dent  variables  of  all  other  fuels  to  that  for  the  DOE  #1  fuel.  Obvious 
fuel  property  effects  will  be  mentioned  as  appropriate.  The  dependent 
variables  will  be  discussed  in  the  same  order  that  they  were  discussed 
in  the  preceding  section. 


The  following  paragraphs  contain  observations  developed  from  study 
and  comparison  of  figures  6-28  through  6-37  and  deal  with  how  different 
fuels  altered  the  emissions,  fuel  consumption,  and  air-fuel  ratio. 


For  the  ten  fuels  tested  there  was  no  observable  change  in  the 
air-fuel  ratio  due  to  the  use  of  different  fuels.  This  result  was  quite 


predictable  since  the  laboratory  test  condition  was  established  using 
a  nominal  air-fuel  ratio  of  20,  30,  or  40  to  establish  full,  medium,  and 
light  load,  respectively. 


Indicated  specific  oxides  of  nitrogen  emissions  ( I SN0v )  was  one  of 
the  variables  more  sensitive  to  changes  in  fuel.  Compared  to  DOE  #1, 
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the  lower  grade  mid-distillates  DOE  #2  and  DOE  #3  displayed  increases  in 
ISN0X  emissions  of  10-20%  and  20-30%,  respectively.  The  increases  were 
greater  at  light  load  for  the  DOE  #3  fuel.  Increases  in  ISN0x  emissions 
over  the  DOE  #1  fuel  were  30-50%  for  the  broadcut  DOE  #4  fuel  and  the 
largest  increases  were  at  the  light  load  conditions.  For  the  CEC  #1 
fuel,  ISNOx  emissions  were  comparable  to  those  for  DOE  #1  at  full  load 
and  approximately  20%  higher  at  light  load.  The  CEC  #2  fuel  behaved 
essentially  the  same  as  the  CEC  #1  fuel.  Increases  in  ISN0x  emissions 
of  30  to  50%  were  observed  for  the  CEC  #2A  fuel,  with  the  greater 
increase  at  light  load  conditions.  Since  this  fuel  is  CEC  #3  fuel  with 
ignition  improver  to  bring  the  cetane  rating  up  to  that  of  the  CEC  #2 
fuel,  it  was  initially  assumed  that  the  ignition  improver  was  respon¬ 
sible  for  the  large  ISN0x  increase.  However,  the  CEC  #3  fuel  displayed 
essentially  the  same  characteristics  as  the  CEC  #2A  fuel,  indicating 
that  the  composition  of  CEC  #3  had  more  influence  on  the  1SN0X  emissions 
than  the  presence  of  ignition  improver.  The  CAPE  #5  fuel  is  a  high 
cetane  fuel  that  behaved  in  a  manner  similar  to  CEC  #1,  about  the  same 
ISN0x  emissions  at  full  load  and  25%  higher  emissions  at  light  load  than 
the  DOE  #1  reference.  The  low  quality  CAPE  #6  displayed  increased  ISN0x 
emissions  over  the  DOE  #1  reference  of  20  to  100%,  with  the  greater 
increase  at  light  load.  Since  optimum  timing  differences  between  all 
the  fuels  tested  was  only  on  the  order  of  2  CA°,  the  major  change  in  the 
ISNOx  emissions  is  considered  to  be  due  to  fuel  differences. 

Indicated  specific  fuel  consumption  ISFC  was  virtually  the  same  for 
all  the  fuels  tested  except  DOE  #4.  At  light  load  the  ISFC  for  DOE  #4 
was  5-6%  higher  than  for  DOE  #1.  At  full  load  the  ISFC  values  for  both 
fuels  were  essentially  the  same.  Virtually  all  the  fuels  exhibited  the 
same  ISFC  at  full  load  and  a  few  exhibited  very  slight  increases  at 
lower  loads.  The  ISFC  for  CAPE  #6  was  somewhat  erratic  due  to  poor 
operation  of  the  engine;  however,  it  was  still  about  the  same  as  that 
for  the  DOE  #1  fuel . 

There  was  a  consistent  tendency  for  the  fuels  considered  to  be  of 
lower  quality  to  demonstrate  lower  mass  particulate  emissions  ( ISPart) 
than  the  DOE  #1  reference.  DOE  #2  had  approximately  the  same  particu¬ 
late  emissions  as  the  reference.  DOE  #3  had  about  the  same  particulate 
emissions  as  the  reference  at  full  load  but  lower  at  medium  load.  DOE 
#4,  the  broadcut  fuel,  was  generally  50%  lower  in  ISPart  than  the  DOE  #1 
reference.  CEC  #1,  considered  a  good  quality  fuel,  had  approximately 
the  same  ISPart  as  the  DOE  #1,  although  they  were  somewhat  lower  at 
medium  load.  The  CEC  #2  fuel  was  20-50%  lower  in  ISPart  emissions  than 
the  reference.  Interestingly  enough,  CEC  #2A,  the  fuel  with  ignition 
improver,  had  mass  particulate  emissions  comparable  to  the  DOE  #1  fuel. 
On  the  other  hand,  CEC  #3,  the  fuel  into  which  the  ignition  improver  is 
blended  to  produce  CEC  #2A,  demonstrated  roughly  50%  lower  ISPart  emis¬ 
sions  than  DOE  #1.  Mass  particulate  emissions  from  CAPE  #5  were  20-30% 
lower  than  the  reference  while  ISPart  emissions  from  CAPE  #6  were 
greater  than  50%  lower  than  the  reference. 

Specific  hydrocarbon  emissions  ( ISHC)  were  somewhat  variable,  but 
most  fuels  demonstrated  levels  similar  to  the  DOE  #1  reference  fuel. 

ISHC  levels  from  DOE  #4  were  higher  than  from  DOE  #1,  but  not  consis¬ 
tently.  CEC  #2  demonstrated  ISHC  levels  10-20%  lower  than  those  for  the 
reference  fuel  while  CAPE  #6  demonstrated  levels  the  same  to  slightly 


higher.  Generally,  there  were  no  major  changes  in  the  level  of  ISHC 
emissions  that  could  be  related  to  fuel  changes. 

Bosch  Smoke  readings  for  the  fuels  generally  followed  a  pattern 
similar  to  ISPart,  but  not  so  pronounced.  Several  of  the  fuels  had 
Bosch  Smoke  numbers  similar  to  those  for  the  DOE  #1  reference  fuel. 

Bosch  readings  for  DOE  #3  were  the  same  to  lower  than  the  reference  at 
light  load.  Readings  for  DOE  #4  were  30-50%  lower  than  the  reference. 
Bosch  numbers  for  CEC  #3  and  CAPE  #5  were  slightly  lower,  and  the  num¬ 
bers  for  CAPE  #6  were  significantly  lower  than  the  numbers  for  the 
reference  fuel . 

The  following  paragraphs  briefly  describe  the  comparative  effects  of 
the  fuels  tested  on  the  directly  observable  combustion  parameters. 
Reference  was  made  to  figures  6-38  through  6-47  in  the  preparation  of 
these  comments. 

The  combustion  period  in  CA°  demonstrated  some  sensitivity  to  fuel 
changes.  DOE  #2,  DOE  #3,  CEC  #1,  and  CAPE  #5  fuels  exhibited  approxi¬ 
mately  the  same  combustion  period  as  the  DOE  #1  reference.  CEC  #2 
demonstrated  a  slightly  shorter  combustion  period,  particularly  at  full 
load.  Except  for  CAPE  #6,  the  remaining  fuels  exhibited  a  10-20% 
shorter  combustion  period  than  the  reference.  CAPE  #6  produced  25-30% 
shorter  combustion  periods  than  the  reference.  Generally,  the  poorer 
quality  fuels  appeared  to  produce  a  shorter  combustion  period. 

The  rate  of  pressure  rise  of  the  pre-chamber  pressure  demonstrated 
fuel  dependent  characteristics.  Generally,  decreasing  fuel  quality  led 
to  increased  rates  of  pressure  rise.  The  effect  was  most  pronounced  for 
the  DOE  #4  and  CAPE  #6  fuels  which  caused  increases  in  the  rate  of 
pressure  rise  of  from  10  to  100%  over  that  for  the  DOE  #1  reference. 

The  larger  increases  were  at  light  load  conditions.  Most  of  the  other 
fuels  had  rates  of  pressure  rise  that  were  the  same  to  slightly  higher 
than  the  reference.  The  increased  rates  were  primarily  at  light  load 
conditions.  The  CEC  #3  fuel  had  a  pressure  rise  rate  that  was  from  5% 
to  30%  higher  than  that  for  00E  #1. 

The  peak  combustion  pressure  behaved  in  a  manner  similar  to  the  rate 
of  pressure  rise  for  the  fuels  tested,  although  the  effects  were  not  as 
pronounced.  Those  fuels  assumed  to  be  of  lower  quality  demonstrated 
somewhat  higher  peak  combustion  pressures  than  the  DOE  #1  fuel.  Spe¬ 
cifically,  The  DOE  #4  and  CAPE  #6  fuels  exhibited  increases  of  5%  to  20% 
over  the  peak  pressure  for  the  reference  fuel . 

As  might  be  anticipated,  changes  in  the  fuel  had  virtually  no  effect 
on  the  estimated  bulk  gas  temperature  at  SOI  (Start  of  Injection).  The 
gas  temperature  should  be  primarily  a  function  of  the  gas  properties  and 
the  compression  process.  These  results  verify  this  characteristic. 

The  fuel  effects  on  computed  combustion  parameters  are  discussed  in 
the  following  paragraphs.  The  discussion  is  based  on  information  in 
figures  6-48  through  6-57. 

Ignition  delay  is  one  variable  that  is  very  sensitive  to  changes  in 
fuel  characteristics.  Fuels  considered  to  be  of  lower  quality  demon- 


strated  definite  increases  in  ignition  delay.  The  amount  of  increase 
was  generally  in  proportion  to  less  of  fuel  quality  from  the  reference 
DOE  #1.  DOE  #4  and  CAPE  #6  fuels  demonstrated  the  greatest  increases  in 
ignition  delay  over  the  DOE  #1  fuel.  The  increases  ranged  from  10-75% 
for  DOE  #4  to  50-80%  for  CAPE  #6.  CEC  #1  had  approximately  the  same 
ignition  delay  as  the  reference  and  CAPE  #5  exhibited  a  10-20%  decrease 
in  ignition  delay.  The  remainder  of  the  fuels  produced  ignition  delay 
increases  of  10-30%  over  the  DOE  #1  reference. 

The  questionable  accuracy  of  the  pre-mixed  combustion  fraction  (PCF) 
and  pre-mixed  combustion  index  (PCI)  was  discussed  in  the  preceding 
section  dealing  with  test  conditior  and  load  effects.  The  same  problem 
is  present  in  determining  fuel  effects  on  these  variables.  For  most  of 
the  fuels,  the  PCF  and  the  PCI  have  about  the  same  value  as  they  do  for 
the  DOE  #1  fuel.  CEC  #2  and  CEC  #2A  demonstrated  reduced  values  for  the 
PCF  of  10-50%,  and  the  PCF  for  CAPE  #6  increased  from  50-100%,  except  at 
retarded  injection  timing.  Compared  to  the  values  for  DOE  #1,  the  PCI 
for  DOE  #4  was  10-20%  lower,  about  50%  lower  for  CEC  #2,  and  increased 
by  100-300%  for  CAPE  #6. 

Only  two  fuels  demonstrated  any  sensitivity  to  the  diffusion  com¬ 
bustion  index  (DCI).  Compared  to  the  values  for  DOE  #1,  the  DCI  for  DOE 
#4  was  10-20%  higher  and  approximately  the  same  to  10%  higher  for  CAPE 
#6. 

6.4.3  Statistical  Relationships 

Although  not  initially  planned  as  part  of  this  program,  some  stat¬ 
istical  analysis  of  the  data  to  correlate  emissions,  performance,  and 
combustion  variables  to  fuel  properties  was  undertaken.  The  analysis  is 
abbreviated  and  focused  to  show  any  simple  linear  relationship  between 
the  independent  fuel  properties  and  dependent  variables  such  as  emis¬ 
sions,  performance,  and  combustion  characteristics. 

The  analyses  oresented  were  performed  using  SAS*  software  for  the 
IBM  personal  computer.  The  package  used  included  the  optional  statis¬ 
tical  routines  used  for  regression  analysis. 

The  approach  used  in  preparing  the  analyses  was  direct  and  rela¬ 
tively  simple.  Each  distinctly  unique  test  condition  was  assumed  to  be 
representative  of  a  single  population  with  fuel  properties  as  indepen¬ 
dent  variables  and  emissions,  performance,  and  combustion  characteris¬ 
tics  as  dependent  variables.  A  correlation  matrix  for  the  independent 
variables  was  prepared  in  order  to  identify  variables  that  were  highly 
correlated  so  that  correlated  variables  would  not  be  used  in  the  regres¬ 
sion  analysis.  The  four  distinct  test  conditions  were: 

1.  Full  load,  optimum  injection  timing 

2.  Half  load,  optimum  injection  timing 

3.  Half  load,  retarded  injection  timing 

4.  Light  load,  optimum  injection  timing 
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Review  of  the  fuel  properties  table  in  section  6.1  indicates  that 
several  of  the  properties  were  not  determined  for  all  fuels.  In  order 
to  make  this  statistical  analysis  more  useful,  9  properties,  that  had 
been  determined  for  all  fuels,  were  selected  as  the  independent  vari¬ 
ables.  They  were: 

1.  Gravity,  in  °API 

2.  10%  distillation  point,  in  °F 

3.  90%  distillation  point,  in  °F 

4.  Cetane  number 

5.  Viscosity,  in  cSt  @  40°C 

Table  6-2  is  the  matrix  of  correlation  coefficients  for  these  9  fuel 
properties.  The  first  number  at  each  matrix  intersection  is  the  corre¬ 
lation  or  Pearson  coefficient.  The  second  number  is  the  significance 
probability  under  the  null  hypothesis  that  the  correlation  is  zero.  (The 
probability  that  the  correlation  coefficient  is  zero  even  though  a  value 
is  computed.).  The  third  number  is  the  number  of  samples  from  which  the 
correlations  were  determined.  In  this  case,  the  properties  for  10 
different  fuels  were  used  in  the  determinations.  Viscosity  is  shown  in 
this  correlation  matrix.  However,  since  only  8  values  of  viscosity  were 
available,  this  property  was  not  used  in  any  of  the  following  analyses. 

In  examining  table  6-2  for  correlations  between  fuel  properties, 
correlation  coefficients  larger  that  0.80  and  significance  probabilities 
of  less  than  0.01  were  used  as  indicators  that  there  was  some  reasonable 
correlation  between  the  variables.  For  example:  Viscosity  and  10%  point 
are  well  correlated  with  a  coefficient  of  0.925  and  a  significance 
probability  of  0.001;  Sulfur  and  10%  point  are  poorly  correlated  with  a 
coefficient  of  0.59773  and  a  significance  probability  o^  0.068;  and  API 
Gravity  and  Cetane  number  are  essentially  uncorrelated  with  a  coeffi¬ 
cient  of  0.09425  and  a  significance  probability  of  0.7956. 

The  statistical  analysis  of  the  relationship  between  dependent  and 
independent  variables  was  performed  only  for  data  from  the  cetane  engine 
program.  Seventeen  dependent  variables  were  chosen  for  analysis.  They 
were: 

1.  Ignition  Delay  10.  Specific  N0X  (ISN0x) 

2.  Combustion  Angle  11.  Mass  Particulates  (ISPart) 

3.  Peak  Cylinder  Pressure  12.  Bosch  Smoke 

4.  Maximum  dP/d0  13.  Indicated  Efficiency 

5.  Pre-mixed  Combustion  Fraction  (PCF)  14.  HC  Emissions  Index 

6.  Pre-mixed  Combustion  Index  (PCI)  15.  CO  Emissions  Index 

7.  Diffusion  Combustion  Index  (0CI)  16.  N0X  Emissions  Index 

8.  Specific  Hydrocarbons  ( I SHC )  17.  Particulate  Emissions  Index 

9.  Specific  Carbon  Monoxide  (ISC0) 

A  correlation  matrix  was  prepared  for  these  17  variables  for  each  of 
the  four  separate  test  conditions  to  determine  if  there  were  any  unex¬ 
pected  relationships  between  dependent  variables  before  a  linear  regres¬ 
sion  analysis  was  performed.  The  results  are  not  included  because  no 
unexpected  correlations  were  identified  and  the  volume  of  material  was 
substantial . 


6.  Saturates,  in  volume  % 

7.  Olefins,  in  volume  % 

8.  Aromatics,  in  volume  % 

9.  Sulfur,  in  mass  % 
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Each  of  the  dependent  variables  was  assumed  to  be  related  to  the 
independent  variable  by  a  relationship  of  the  form: 

Y  =  a0  +  ajXj  +  a2X2  +  .  +  anXn  +  e  (6.1) 

where:  Y  =  dependent  variable 

ag  =  straight  line  intercept 
X i *  -  - Xn  =  independent  variables 
al“‘an  =  ^near  regression  coefficients  for  the 
independent  variables  Xj *  *  * Xn 
e  =  error  residual 

The  correlation  information  for  the  independent  variables  was  used 
in  selecting  which  independent  variables  would  be  used  in  the  regression 
analysis  of  each  dependent  variable.  The  correlation  information  for 
the  dependent  variables  was  used  to  reduce  the  number  of  regressions 
performed.  Strong  correlations  between  PCF  and  PCI  and  between  ISCO  and 
the  CO  emissions  index  were  used  to  justify  removing  PCI  and  the  CO 
emissions  index  from  the  dependent  variable  list.  The  regression  for 
each  of  the  remaining  dependent  variables  was  repeated  several  times  in 
order  to  eliminate  independent  variables  that  did  not  have  a  statisti¬ 
cally  significant  effect.  The  student's  t  test  and  the  variance  infla¬ 
tion  factor  provided  by  the  SAS  analysis  software  were  used  in  this 
elimination  process.  The  results  of  the  regression  analyses  are  shown 
in  tables  6-3  through  6-6  for  each  of  the  four  test  conditions.  Blanks 
in  the  tables  indicate  these  independent  variables  were  eliminated 
because  they  did  not  make  a  statistically  significant  contribution  in 
calculating  the  value  of  the  given  dependent  variable. 


In  the  following  descriptive  paragraphs,  percentages  used  in 
describing  the  contributions  of  independent  variables  were  estimated 
using  the  nominal  value  of  the  dependent  variable  and  the  approximate 
change  in  this  variable  calculated  using  the  correlation  coefficient  and 
the  values  of  the  independent  variable.  Thus,  even  though  the  coeffi¬ 
cients  have  not  been  normalized,  the  contributions  of  the  independent 
variables  are  described  in  comparable  terms  as  a  percentage  change  in 
the  dependent  variable. 

For  all  four  test  conditions  the  ignition  delay  was  a  strong  func¬ 
tion  of  the  cetane  number  of  the  fuel.  For  full  and  medium  loads  at 
optimum  timing,  cetane  number  was  the  only  significant  descriptor  of 
ignition  delay.  At  medium  load,  retarded  injection  timing,  and  light 
load,  optimum  injection  timing,  10%  and  90%  distillation  points  also 
contributed  to  ignition  delay;  however,  cetane  number  demonstrated  the 
highest  level  of  confidence  in  describing  ignition  delay. 

The  combustion  period  was  also  strongly  related  to  the  cetane  number 
for  all  four  test  conditions.  Only  at  full  load,  optimum  injection 
timing  conditions  did  another  independent  variable  contribute  measur¬ 
ably.  The  variable  was  aromatics  content,  and  the  contribution  was  on 
the  order  of  10-20%  of  that  from  the  cetane  number. 

The  cetane  number  was  also  a  strong  indicator  of  peak  cylinder 
pressure  for  all  test  conditions,  with  the  regression  coefficients 
showing  a  high  level  of  confidence.  For  medium  load  with  retarded 
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Linear  Regression  Results  for  Cetane  Engine,  Light  Load  Optimum  Injection  Timing 
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injection  timing,  90%  point  also  contributed  to  peak  cylinder  pressure 
on  the  order  of  30-40%.  For  light  load  and  optimum  injection  timing, 
aromatics  content  contributed  to  peak  cylinder  pressure  on  the  order  of 
5%.  In  both  cases  the  confidence  level  for  the  cetane  number  regression 
coefficient  was  at  least  two  orders  of  magnitude  higher  than  that  for 
the  90%  point  or  the  aromatics  content. 

Interestingly  enough,  the  peak  pressure  rate  was  not  as  strong  a 
function  of  the  cetane  number  as  the  peak  cylinder  pressure.  At  full 
load  and  optimum  injection  timing  conditions  the  peak  pressure  rate  was 
a  function  of  aromatics  and  90%  point  with  virtually  no  contribution 
from  cetane  number.  For  medium  and  light  loads,  however,  cetane  number 
was  the  major  descriptor  for  peak  pressure  rate.  Aromatics  content  also 
contributed  to  the  peak  pressure  rate  for  medium  and  light  load  test 
conditions  with  optimum  injection  timing.  For  the  medium  load  retarded 
injection  timing  case,  cetane  number  was  the  only  important  variable. 
These  results  are  useful  in  that  they  lend  substance  to  the  theory  that 
cetane  number  or  fuel  combustion  quality  is  more  critical  for  medium  and 
light  load  operation  than  it  is  for  full  load  operation. 

The  Pre-mixed  Combustion  Fraction  (PCF)  did  not  demonstrate  a  strong 
sensitivity  to  any  of  the  independent  fuel  variables  used  in  the  analy¬ 
sis.  For  full  load  and  medium  load  with  optimum  injection  timing,  the 
fuel  aromatic  content  was  identified  by  regression  analysis  as  a  pos¬ 
sible  descriptor  for  PCF.  For  medium  load  with  retarded  injection 
timing,  the  independent  variables  identified  were  10%  and  90%  points, 
while  for  light  load  and  optimum  timing,  90%  point  was  identified.  For 
all  cases,  the  confidence  of  the  accuracy  of  the  coefficient  determined 
was  low,  particularly  compared  to  confidence  levels  demonstrated  for 
some  of  the  dependent  variables  examined  up  to  this  point.  Thus,  even 
though  linear  regression  coefficients  have  been  determined,  the  rela¬ 
tionship  between  the  independent  variables  involved  and  the  dependent 
variable  being  examined  was  not  strong. 

Diffusion  Combustion  Index  (DU),  on  the  other  hand,  showed  a  strong 
relationship  to  cetane  number.  Cetane  number  was  one  of  the  variables 
identified  for  all  four  test  cases  with  a  high  degree  of  confidence. 
Other  variables  also  contributed  significantly,  but  at  different  test 
conditions.  90%  point  was  identified  as  a  contributing  variable  for  all 
conditions  except  retarded  injection  timing  at  medium  load.  For  that 
case,  aromatic  content  was  identified  as  a  contributing  variable, 
although  not  at  a  very  high  confidence  level.  10%  point  was  identified 
as  contributing  at  light  load.  The  result  points  to  cetane  number  as  a 
major  indicator  of  diffusion  combustion;  however,  other  fuel  properties 
will  also  play  a  role  of  varying  importance,  depending  on  engine  operat¬ 
ing  conditions. 

Hydrocarbon  emissions,  as  indicated  by  ISHC  and  HC  Emission  Index 
(gm/kg  fuel),  obviously  depend  on  the  aromatic  content  of  the  fuel. 

Fuel  aromatics  were  the  fuel  property  that  influenced  ISHC  and  HC  emis¬ 
sion  index  for  all  test  conditions.  The  slopes  represented  by  the 
regression  coefficients  were  not  large,  nor  always  consistent  in  sign. 
Also,  the  confidence  levels  associated  with  the  regression  coefficients 
were  not  as  high  as  for  many  of  the  coefficients  determined.  Cetane 
number  and  10%  point  were  also  identified  as  contributing  variables  for 
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some  of  the  test  conditions.  None  of  these  variables,  however,  had  a 
consistent  effect  on  the  ISHC  and  HC  Emission  Index  for  all  test  condi¬ 
tions. 


I  SCO  emissions  do  not  demonstrate  a  strong  dependency  on  any  of  the 
independent  fuel  variables  used  in  this  analysis.  Cetane  number,  aro¬ 
matic  content,  10%  point,  and  90%  point  could  be  related  to  the  I  SCO  in 
different  combinations  at  different  test  conditions. 

The  I SNO v  and  N0X  Emission  Index  (gm/kg  fuel)  were  both  a  strong 
function  of  retane  number  for  all  test  conditions.  At  full  load  aro¬ 
matic  content  and  10%  were  also  minor  contributors  to  the  two  N0X  terms. 
Aromatics  content  was  also  a  minor  contributor  to  N0X  at  the  medium  load 
retarded  injection  timing  condition. 

Cetane  number  was  the  major  independent  variable  describing  ISPart 
emissions  and  Particulate  Emission  Index  (gm/kg  fuel)  for  all  test 
conditions  for  which  particulate  measurements  were  made.  10%  and  90% 
points  also  contributed  at  different  test  conditions. 

Cetane  number  was  also  the  major  independent  variable  describing 
Bosch  Smoke  Number  for  all  test  conditions.  At  full  load  conditions, 
fuel  aromatic  content  also  contributed. 

Indicated  Efficiency  was  not  described  well  by  any  of  the  indepen¬ 
dent  variables  examined.  Regression  coefficients  for  cetane  number  and 
fuel  aromatic  content  were  determined  in  different  combinations  for 
different  test  conditions.  None  of  the  coefficients  demonstrated  high 
confidence  factors  in  their  determination. 

6.5  Summary  Graphical  Results  for  Ricardo  Engines 

The  data  provided  from  Ricardo  Consulting  Engineers,  combined  with 
the  DOE/Ricardo  report,  yielded  four  different  fuels  and  four  different 
operating  conditions  for  each  engine.  Although  this  was  not  as  much 
information  as  that  developed  for  the  cetane  engine,  it  is  still  a 
substantial  number  of  pages  to  examine  and  comprehend.  Thus,  summary 
graphical  results,  similar  to  those  for  the  cetane  engine,  were  pre¬ 
pared.  In  fact,  the  results  were  placed  in  a  format  as  identical  as 
possible  to  that  for  the  cetane  engine  to  aid  in  comparing  results 
between  engines. 

The  summary  data  are  plotted  using  the  same  three  separate  pages  for 
information  -  one  for  engine  performance  and  emissions,  a  second  for 
direct  combustion  parameters,  and  a  third  for  computed  combustion  para¬ 
meters.  Since  there  were  only  four  test  conditions  and  four  fuels, 
separate  plots  for  each  fuel  were  not  prepared,  and  symbols  were  used  to 
identify  test  results  for  each  different  fuel.  A  separate  set  of  fig¬ 
ures  was  prepared  for  each  of  the  two  Ricardo  engines  tested.  The 
figures  have  been  paired  to  facilitate  comparison  between  the  two 
engines.  Figures  6-58,  6-60,  and  6-62  are  for  the  Ricardo  IDI  engine 
while  figures  6-59,  6-61,  and  6-63  are  for  the  Ricardo  DI  engine.  In 
some  instances  the  scales  of  the  plots  shown  on  each  figure  have  been 
changed  from  those  for  the  cetane  engine.  This  reflects  significant 
changes  in  the  range  of  the  variables  being  examined.  Whenever  possible. 
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the  variable  ranges  were  not  changed  so  that  direct  comparison  of  the 
Ricardo  engine  and  cetane  engine  data  would  be  more  convenient. 

6.5.1  Test  Condition  and  Engine  Variable  Effects,  Ricardo  Engines 

The  information  used  to  prepare  the  following  paragraphs  is  dis¬ 
played  in  figures  6-58  through  6-63.  These  figures  include  data  for 
both  the  IDI  and  the  DI  engine.  In  the  discussion,  effects  that  are 
general  for  both  engines  are  described  without  specific  mention  of  an 
engine.  If  an  effect  is  specific  to  one  engine,  the  engine  is  named. 

The  air-fuel  ratio  behaves  as  anticipated  -  decreasing  with  increas¬ 
ing  imep.  This  result  directly  correlates  with  the  fact  that,  at  a 
given  speed,  diesel  engine  power  is  controlled  almost  entirely  by  fuel 
flow.  Since  air  flow  is  virtually  fixed  with  engine  speed,  air-fuel  * 
ratio  must  reflect  changes  in  fuel  flow  or  power  output.  There  are  two 
possible  discrepancies  for  the  IDI  engine  results  at  70  and  125  imep. 
There  may  be  some  question  concerning  these  imep  values,  which  were 
determined  from  the  area  under  the  P-V  data.  However,  since  there  is  no 
reason  to  reject  these  points,  they  have  been  kept  in  the  data  set. 

The  I SNO v  emissions  showed  similar  trends  for  both  engines.  There 
was  a  si ight~tendency  toward  reduced  ISN0x  emissions  at  higher  load  for 
diesel  type  fuels.  The  broadcut  fuel  showed  no  change  to  a  slight 
increase  in  ISNOx  with  increasing  load.  Retarded  timing  generally 
reduced  ISN0X  emissions  for  both  engines. 

There  was  a  wide  variation  in  data  for  indicated  specific  fuel 
consumption  ( ISFC) ,  particularly  for  the  IDI  engine.  A  check  of  the 
imep  computation  from  the  area  under  the  P-V  data  indicates  that  reaso¬ 
nable  phasing  errors  do  not  account  for  the  differences.  The  most 
probable  error  is  the  assumption  that  the  bmep  =  2  bar,  as  indicated  in 
the  DOE/Ricardo  report.  Since  all  the  DOE/Ricardo  data  is  reported  on  a 
brake  specific  basis,  an  accurate  value  for  bmep  is  needed  for  conver¬ 
sion  to  imep.  Trials  with  bmep  =  3  bar  for  two  questionable  points  in 
the  area  of  65-70  psi  imep  puts  the  ISFC  at  a  level  more  comparable  to 
other  data  points.  The  8SFC  data  for  these  points  from  the  DOE/Ricardo 
report  is  comparable  to  other  data  points  with  no  changes.  Examination 
of  the  ISFC  data  with  these  facts  in  mind  leads  to  the  general  trend  for 
both  engines  that  the  ISFC  declines  very  slightly  with  increasing  imep, 
particularly  with  the  better  quality  fuels.  Injection  timing  retard 
generally  results  in  a  slight  increase  in  ISFC. 

Mass  particulates  data  ( ISPart)  demonstrated  a  wide  variation. 

There  was  no  consistent  trend  discernable  for  all  fuels.  Retarded 
injection  timing  tends  to  increase  ISPart  emissions  for  most  fuels, 
particularly  at  light  load  conditions. 

Specific  hydrocarbon  emissions  ( ISHC)  tended  to  decrease  with 
increasing  imep  for  all  fuels.  Retarded  injection  timing  caused  sig¬ 
nificant  increases  in  ISHC  emissions  in  several  cases.  The  effect  was 
particularly  noticeable  at  light  load. 


140 


The  Bosch  Smoke  number  clearly  increased  with  load  (imep)  for  all 
fuels.  Retarded  injection  timing  tends  to  increase  the  smoke  somewhat 
at  full  load. 

The  combustion  period  in  CA°  generally  increased  with  load  (imep) 
for  both  engines  and  all  fuels  at  optimum  injection  timing.  The  effect 
was  more  pronounced  for  the  101  engine.  Also,  for  the  IDI  engine,  the 
influence  of  injection  timing  retard  was  not  significant.  For  the  DI 
engine,  retarded  injection  timing  tended  to  lengthen  the  combustion 
period  at  light  load  and  to  reduce  combustion  period  at  full  load. 

The  rate  of  pressure  rise  was  substantially  different  for  the  DI  and 
IDI  engines.  The  most  obvious  difference  was  that  the  rates  for  the  DI 
engine  were  on  the  order  of  5  to  10  times  larger  than  those  for  the  IDI 
engine.  This,  of  course,  is  indicative  of  the  major  difference  in  these 
two  combustion  systems.  For  the  IDI  engine,  rate  of  pressure  rise  was 
relatively  insensitive  to  load  (imep).  Retarding  the  injection  timing 
noticeably  reduced  rate  of  pressure  rise  for  all  fuels  in  the  IDI 
engine.  The  rate  of  pressure  rise  data  for  the  DI  engine  demonstrated 
wide  variation,  although  for  most  of  the  fuels  there  was  an  increase  at 
full  load.  Retarded  injection  timing  noticeably  reduced  the  rate  of 
pressure  rise  for  all  fuels  in  the  DI  engine  also. 

For  both  engines  the  peak  cylinder  pressure  demonstrated  an  increase 
with  load  (imep).  For  the  IDI  engine  the  increase  was  slight  but 
observable.  For  the  DI  engine  the  increase  was  significant  and  on  the 
order  of  100  to  150  psi.  In  both  cases,  retarded  injection  timing 
significantly  reduced  the  peak  cylinder  pressure.  For  the  IDI  engine 
the  reduction  was  approximately  100-200  psi.  For  the  DI  engine,  the 
reduction  was  typically  150-300  psi.  Similar  behavior  was  observed  for 
all  fuels. 

There  was  noticeable  variation  in  the  estimated  bulk  gas  temperature 
for  the  IDI  engine.  The  general  trend  was  to  increase  slightly  with 
load  (imep).  Retarded  injection  timing  had  a  very  slight  tendency  to 
raise  the  temperature.  The  bulk  gas  temperature  estimate  for  the  DI 
engine  was  reasonably  consistent,  generally  increasing  with  load. 
Retarded  injection  timing  consistently  caused  a  small  increase  in  the 
temperature.  The  estimated  temperature  for  the  DI  engine  was  signifi¬ 
cantly  higher  than  that  for  the  IDI  engine.  This  result  is  due  to  the 
fact  that  the  DI  engine  has  a  larger  value  for  the  compression  index 
than  the  IDI  engine.  Reduced  heat  transfer  losses  during  compression 
probably  account  for  this  result. 

Ignition  delay  data  showed  some  variation.  For  optimum  timing,  both 
engines  showed  essentially  no  sensitivity  of  ignition  delay  to  load. 
Retarded  injection  timing  showed  a  tendency  to  increase  ignition  delay. 
The  effect  was  more  pronounced  for  the  IDI  engine. 

Pre-mixed  Combustion  Fraction  (PCF)  and  Pre-mixed  Combustion  Index 
(PCI)  demonstrated  different  characteristics  for  the  IDI  and  DI  engines. 
For  the  IDI  engine  the  data  was  variable  and  there  was  no  obvious  trend 
with  load  or  retard.  The  values  of  PCF  and  PCI  for  the  IDI  engine  were 
also  small,  indicating  that  a  relatively  small  fraction  of  the  combus¬ 
tion  process  occurred  in  the  pre-mixed  mode.  The  data  for  PCF  and  PCI 


for  the  DI  engine  demonstrated  a  pronounced  trend  of  lower  values  with 
increased  load.  The  values  for  PCF  and  PCI  were  much  larger  for  the  DI 
engine  than  for  the  101  engine,  indicating  a  larger  fraction  of  the 
combustion  process  for  the  DI  engine  occurred  in  the  pre-mixed  mode. 
Retarded  injection  timing  did  not  have  a  consistent  effect  on  values  of 
PCF  and  PCI  for  the  DI  engine. 

There  was  wide  variation  in  the  data  for  diffusion  combustion  index 
(OCI)  for  both  the  ID1  and  DI  engines.  For  the  IDI  engine,  there  were 
no  obvious  effects  due  to  load  or  injection  timing  retard.  Large  values 
for  DCI  indicate,  as  expected,  a  large  diffusion  combustion  component 
for  the  IDI  engine.  The  DCI  data  for  the  DI  engine  also  showed  wide 
variation  with  a  trend  to  increase  with  load.  Injection  timing  retard 
generally  caused  an  increase  in  OCI  for  the  DI  engine.  The  combustion 
process  for  the  01  engine  demonstrated  a  large  pre-mixed  fraction  as 
indicated  by  the  values  for  PCF  and  PCI.  The  fact  that  the  values  for 
DCI  were  significantly  lower  than  those  for  the  IDI  engine  indicate  that 
the  anticipated  reduction  in  the  diffusion  fraction  did  occur. 

6.5.2  Fuel  Effects,  Ricardo  Engines 

The  preceding  section  characterizing  the  cetane  engine  described  the 
effects  of  the  different  fuels  on  the  dependent  variables  by  comparing 
results  for  each  fuel  to  those  for  the  DOE  #1  fuel.  The  same  approach 
is  used  for  characterizing  fuel  performance  in  the  Ricardo  engines.  The 
following  paragraphs  contain  observations  developed  from  examination  and 
comparison  of  figures  6-58  through  6-63  and  deal  with  how  different 
fuels  altered  engine  performance,  emissions,  and  combustion  characteris¬ 
tics.  Unless  a  specific  mention  of  IDI  or  DI  engine  is  made,  comments 
are  meant  to  apply  to  both  engines. 

Air-fuel  ratio  has  little  sensitivity  to  the  fuel  being  used.  This 
result  was  expected  since  all  the  fuels  have  similar  mass  energy  con¬ 
tent,  and  diesel  engine  power  output  is  controlled  by  fuel  flow. 

I SNOy  emissions  for  the  two  engines  give  some  indication  that  the 
DOE  #3  and  DOE  #4  fuels  might  contribute  to  a  reduction  in  these  emis¬ 
sions,  particularly  at  light  load  conditions.  The  reduction  may  not  be 
a  great  as  indicated  by  the  graphical  summary  data  since  there  are 
differences  of  several  CA°  in  the  injection  timing  for  different  fuels. 
However,  all  data  are  at  optimum  injection  timing  or  a  fixed  retard  in 
that  injection  timing;  thus,  I$N0x  sensitivity  to  injection  timing  might 
not  be  as  significant  a  factor  as  with  a  timing  change  for  a  given  fuel. 

Data  variability  for  ISFC  was  not  large  on  a  percentage  of  value 
basis;  however,  it  was  sufficient  to  preclude  drawing  firm  conclusions 
concerning  fuel  effects  on  ISFC.  Discrepancies  between  relative  values 
for  ISFC  and  BSFC  (from  the  DOE/Ricardo  report)  again  lead  to  the  ques¬ 
tion  of  the  accuracy  of  the  value  for  bmep  given  in  the  DOE/Ricardo 
Report.  The  discrepancies  do  not  appear  to  be  large,  but  they  are 
significant  enough  to  preclude  detecting  minor  changes  in  ISFC  due  to 
fuel  differences. 

Mass  particulate  emissions  ( ISPart)  were  sensitive  to  fuel  and  load. 
At  full  load,  DOE  fuels  2,  3,  and  4  demonstrated  mass  particulate  emis- 


sions  comparable  to  or  lower  than  those  for  the  DOE  #1  reference  fuel. 
This  relationship  also  existed  for  retarded  injection  timing  at  full 
load.  At  light  load,  the  relationship  reversed,  and  the  mass  particu¬ 
late  emissions  for  DOE  fuels  2,  3,  and  4  were  comparable  to  or  higher 
than  those  for  the  reference  fuel.  DOE  #3  had  substantially  higher 
(factors  of  5  and  10)  ISPart  emissions  than  the  reference  fuel  for  light 
load  and  retarded  injection  timing.  The  light  load,  retarded  injection 
timing  test  condition  seemed  to  create  the  greatest  change  in  the  ISPart 
emissions  with  fuel  quality  changes.  Both  the  IDI  and  the  DI  engine 
provided  similar  results,  although  the  magnitude  of  the  changes  observed 
was  different. 

Unburned  hydrocarbon  emissions  (ISHC)  behave  in  a  fashion  similar  to 
the  mass  particulate  emissions.  The  differences  in  ISHC  emissions 
between  DOE  fuels  2,  3,  and  4  and  those  for  the  DOE  #1  reference  fuel 
are  smaller  at  full  load  conditions  than  at  light  load.  Compared  to  the 
reference  fuel,  for  the  IDI  engine  at  full  load,  fuels  2,  3,  and  4 
produced  lower  ISHC  emissions  with  optimum  injection  timing  and  higher 
ISHC  emissions  at  retarded  injection  timing.  For  the  DI  engine  at  full 
load,  the  emissions  for  fuels  2,  3,  and  4  were  greater  than  those  for 
the  reference  fuel,  both  for  optimum  injection  timing  and  for  retarded 
injection  timing.  At  light  load  the  ISHC  emissions  for  fuels  2,  3,  and 
4  were  significantly  greater  than  those  for  the  reference  fuel,  both  at 
optimum  and  retarded  injection  timing  and  for  both  engines.  Retarded 
injection  timing  at  light  load  produced  increased  ISHC  emissions  for  DOE 
#3  fuel  of  approximately  200%  for  the  DI  engine  and  1000%  for  the  IDI 
engine. 

DO E  fuels  2,  3,  and  4  did  not  appear  to  cause  any  major  changes  in 
the  Bosch  smoke  measurement,  compared  to  the  DOE  #1  fuel.  The  DOE  #4 
fuel  yielded  consistently  lower  results  that  the  other  fuels  for  both 
engines.  No  similar  conclusion  could  be  drawn  for  the  other  fuels. 

There  was  no  clear  indication  that  any  of  the  test  fuels  had  a  major 
influence  on  the  combustion  period.  In  the  IDI  engine,  combustion 
period  was  relatively  insensitive  to  the  fuel  being  used  .  The  DI 
engine  seemed  to  have  some  sensitivity  to  fuel  type  at  retarded  injec¬ 
tion  timing  conditions.  For  full  load  operation  of  the  DI  engine  with 
retarded  timing,  the  combustion  period  decreased  for  the  DOE  fuels  2,  3, 
and  4  compared  to  the  combustion  period  for  the  DOE  #1  fuel.  At  light 
load  operation  of  the  DI  engine  with  retarded  timing,  the  effect 
appeared  to  be  reversed,  and  fuels  2,  3,  and  4  had  significantly  longer 
combustion  periods  than  the  DOE  #1  fuel. 

For  the  IDI  engine  there  were  no  pronounced  changes  in  the  rate  of 
pressure  rise  due  to  fuel  type.  The  DI  engine,  on  the  other  hand, 
demonstrated  some  fuel  sensitivity  in  this  variable.  At  full  load 
conditions  for  the  DI  engine,  DOE  fuels  2,  3,  and  4  demonstrated 
increased  rates  of  pressure  rise  over  the  DOE  #1  fuel,  both  for  optimum 
and  retarded  timing.  Light  load  operation  of  the  DI  engine  produced  an 
inverse  effect.  Generally,  the  DOE  fuels  2,  3,  and  4  caused  a  reduced 
rate  of  pressure  rise  compared  to  the  reference  DOE  #1,  both  for  optimum 
and  retarded  timing.  The  DOE  #2  fuel  did  not  follow  this  trend,  and  the 
rate  of  pressure  rise  was  comparable  to  or  somewhat  greater  than  the 
rate  for  DOE  #1. 
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The  peak  combustion  pressure  results  were  somewhat  similar  to  those 
for  rate  of  pressure  rise.  For  the  I D I  engine,  peak  combustion  pressure 
was  relatively  insensitive  to  different  fuels,  although  there  was  evi¬ 
dence  of  reduced  peak  pressure  for  DOE  #2  over  DOE  #1  at  light  load. 

The  peak  pressure  showed  relative  insensitivity  to  fuel  type  for  the  DI 
engine  at  full  load,  both  for  optimum  and  retarded  timing.  At  light 
load  and  optimum  timing,  however,  DOE  fuels  3  and  4  demonstrated  reduced 
peak  pressure  from  that  for  DOE  #1.  Light  load  and  retarded  timing  for 
the  DI  engine  did  not  seem  to  produce  a  fuel  sensitivity  result  for  peak 
combustion  pressure. 

Even  though  there  is  some  data  variability,  the  estimated  bulk  gas 
temperature  does  not  appear  to  demonstrate  any  significant  fuel  type 
effects  for  either  the  DI  or  the  IDI  engine.  This  result  was  expected 
since  the  estimate  of  this  temperature  should  depend  primarily  on  the 
starting  temperature  and  the  compression  index. 

As  with  the  cetane  engine,  ignition  delay  was  one  of  the  variables 
most  sensitive  to  fuel  changes.  For  virtually  all  cases,  DOE  fuels  2, 

3,  and  4  demonstrated  longer  ignition  delays  than  the  DOE  #1  reference 

fuel.  The  effect  was  slightly  more  pronounced  at  the  retarded  injection 

timing  conditions.  DOE  fuel  #2  was  the  exception  and  had  a  shorter 
ignition  delay  when  operated  in  the  IDI  engine  at  full  load  and  retarded 
injection  timing  conditions.  It  was  also  noted  that  the  increases  in 
ignition  delay  for  fuels  2,  3,  and  4  over  the  reference  fuel  were  more 
consistent  at  the  light  load  condition,  both  for  optimum  and  retarded 
injection  timing. 

Pre-mixed  Combustion  Fraction  (PCF)  and  Pre-mi xed  Combustion  Index 
(PCI)  behaved  in  a  comparable  fashion  for  each  engine;  however,  behavior 
in  the  IDI  engine  was  quite  different  than  behavior  in  the  DI  engine. 

In  the  IDI  engine  the  values  for  PCF  and  PCI  were  low,  and  there  did  not 

appear  to  be  a  clear  relationship  between  the  value  of  the  variable  and 
the  fuel  type.  The  DI  engine,  on  the  other  hand,  demonstrated  signifi¬ 
cantly  higher  values  for  PCF  and  PCI,  and  the  values  for  DOE  fuels  2,  3, 
and  4  were  comparable  to  or  grater  than  the  values  for  DOE  #1.  In  fact, 
the  relative  changes  were  quite  similar  to  the  relative  changes  exhi¬ 
bited  by  the  ignition  delay  for  the  DI  engine. 

The  Diffusion  Combustion  Index  (DCI)  behaved  differently  for  the  IDI 
and  DI  engines.  For  the  IDI  engine  values  of  DCI  were  relatively  high. 
There  was  some  indication  that  DOE  fuels  2,  3,  and  4  tended  to  have 
lower  values  for  DCI  than  DOE  #1;  however,  this  was  not  true  in  all 
cases.  Results  for  the  DI  engine  seemed  to  reverse  with  load  (imep). 

At  full  load  there  was  a  trend  for  the  DCI  for  fuels  2,  3,  and  4  to 
increase  over  that  for  DOE  #1,  both  at  optimum  and  retarded  injection 
timing.  At  light  load  conditions,  this  behavior  was  essentially 
reversed  and  DCI  values  for  fuels  2,  3,  and  4  were  comparable  to  or 
lower  than  the  values  for  DOE  #1. 

6.6  Comparison  of  Results  from  Cetane  and  Ricardo  Engines 

The  air-fuel  ratio  for  all  three  engines  was  a  function  only  of 
engine  load  as  anticipated,  and  no  further  comparison  is  needed.  The 
general  trend  of  the  ISN0V  emissions  was  similar  for  all  three  engines. 
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In  the  cetane  engine  there  were  obvious  increases  for  DOE  fuels  2,  3, 
and  4  over  00E  #1.  The  Ricardo  IDI  and  01  engines  exhibited  similar, 
but  less  pronounced  behavior  for  these  fuels.  Some  of  the  differences 
are  attributed  to  injection  timing  differences  between  fuels  observed 
with  the  Ricardo  Engines. 

There  were  obvious  differences  between  the  ISFC  characteristics  for 
the  cetane  engine  and  those  for  the  Ricardo  engines.  ISFC  tended  to 
increase  with  load  for  the  cetane  engine  while  the  Ricardo  Engines 
showed  decreases  with  load.  This  difference  is  thought  to  be  related  to 
the  very  high  internal  friction  of  the  cetane  engine.  There  were  slight 
differences  in  ISFC  for  different  fuels;  however,  there  were  no  obvious 
trends  for  any  of  the  three  engines. 

There  were  some  similarities  between  engines  for  ISPart  emissions; 
however,  only  a  slight  increase  in  level  at  retarded  injection  timing 
for  light  loads  could  be  compared.  The  DOE  #4  fuel  showed  consistently 
lower  ISPart  levels  than  DOE  #1  for  all  engines.  There  was  no  consis¬ 
tent  behavior  for  the  DOE  #2,  and  #3  fuels  for  all  engines. 

There  was  generally  similar  behavior  for  ISHC  emissions  between 
engines.  These  emissions  tended  to  decrease  with  increasing  load  (imep) 
and  to  increase  with  retarded  injection  timing.  As  mentioned  in  an 
earlier  section,  there  was  significant  variability  in  the  ISHC  data  and 
the  results  were  too  inconsistent  to  draw  any  conclusions  about  fuel 
effects  between  the  engines. 

Bosch  smoke  numbers  displayed  a  very  similar  behavior  for  all  three 
engines;  increasing  with  load  and  showing  slight  increases  for  cases 
with  retarded  injection  timing.  The  DOE  #4  fuel  demonstrated  a  consis¬ 
tently  lower  Bosch  smoke  number  than  the  DOE  #1  fuel  when  used  in  the 
cetane  engine.  This  was  not  the  case  for  either  of  the  Ricardo  engines. 
There  were  no  consistently  identifiable  changes  in  Bosch  smoke  number 
for  DOE  fuels  2  and  3  compared  to  DOE  #1,  either  for  the  cetane  engine 
or  for  the  Ricardo  engines. 

The  combustion  period  behaved  similarly  for  all  three  engines; 
increasing  with  load.  The  DOE  #4  fuel  demonstrated  a  10-20%  shorter 
combustion  period  over  DOE  #1  in  the  cetane  engine.  There  was  no  com¬ 
parable  effect  for  the  Ricardo  engines.  No  other  fuel  related  effects 
were  noticed. 

The  rate  of  pressure  rise  for  the  cetane  engine  was  similar  to  that 
of  the  Ricardo  IDI  engine;  relatively  insensitive  to  load.  For  all 
three  engines  the  rate  of  pressure  rise  was  reduced  with  retarded  injec¬ 
tion  timing.  The  DOE  #4  fuel  demonstrated  rates  of  pressure  rise 
10-100%  higher  than  those  for  DOE  #1  in  the  cetane  engine  at  light  load. 
Neither  Ricardo  engine  showed  a  similar  effect.  In  fact,  the  rate  of 
pressure  rise  for  DOE  #4  fuel  in  the  DI  engine  was  actually  50%  lower 
than  that  for  DOE  #1  at  light  load  conditions. 

The  cetane  engine  and  the  Ricardo  IDI  engine  demonstrated  similar 
peak  cylinder  pressure  characteristics;  a  slight  increase  with  engine 
load.  All  three  engines  demonstrated  a  significant  drop  in  peak  pres¬ 
sure  with  retarded  injection  timing.  The  DOE  #4  fuel  produced  10-20% 
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higher  peak  pressures  than  DOE  #1  in  the  cetane  engine.  No  similar 
effect  was  observed  for  the  Ricardo  engines. 

Both  Ricardo  engines  demonstrated  a  slight  increase  in  the  esti¬ 
mated  bulk  gas  temperature  with  engine  load.  This  effect  was  not 
observed  in  the  cetane  engine.  The  estimated  bulk  gas  temperature  was 
primarily  a  function  of  the  inlet  air  temperature  and  the  compression 
index.  Different  fuels  had  virtually  no  effect  on  this  variable. 

The  ignition  delay  for  all  three  engines  demonstrated  insensitivity 
to  load  (imep).  The  Ricardo  engines  showed  a  slight  sensitivity  to 
retarded  injection  timing  that  was  not  obvious  for  the  cetane  engine. 

All  three  engines  exhibited  increasing  ignition  delay  for  DOE  fuels  2, 

3,  and  4  over  DOE  #1.  The  IDI  engine  demonstrated  the  greatest  sensi¬ 
tivity  and  the  DI  engine  the  least  sensitivity.  The  cetane  engine 
seemed  to  produce  results  that  were  more  consistent  with  other  fuel 
characteristics.  For  example,  DOE  #4,  the  fuel  with  the  lowest  cetane 
number,  had  the  longest  ignition  delay  at  light  load  condition  in  the 
cetane  engine. 

The  cetane  engine  and  the  Ricardo  IDI  engine  demonstrated  similar 
results  for  the  calculated  combustion  parameters  PCF  and  PCI .  The 
values  were  small  (less  than  0.2)  and  relatively  insensitive  to  engine 
load  or  injection  timing  retard.  The  Ricardo  DI  engine  demonstrated 
substantially  larger  values  for  PCF  and  PCI,  and  there  was  a  pronounced 
trend  to  lower  values  with  increased  load.  The  only  observed  fuel  effect 
was  for  DOE  #4  in  the  cetane  engine.  The  value  for  PCI  was  typically 
10-20%  lower  than  that  for  the  DOE  #1  reference  fuel.  There  were  no 
strong  fuel  related  trends  for  the  Ricardo  engines. 

The  cetane  and  Ricardo  IDI  engines  also  demonstrated  similar  behav¬ 
ior  for  the  calculated  combustion  parameter  DCI.  The  data  had  notice¬ 
able  variation  and  were  relatively  insensitive  to  engine  load  and 
retarded  injection  timing.  The  relatively  large  values  of  DCI  (typi¬ 
cally  greater  than  0.8)  indicated  significant  diffusion  burning  in  these 
engines.  The  Ricardo  DI  engine  also  demonstrated  a  wide  variation  in 
data;  however,  an  increase  in  DCI  with  load  was  obvious.  Also,  retarded 
injection  timing  caused  an  increase  in  DCI.  There  were  not  pronounced 
effects  for  fuel  changes  in  any  of  the  three  engines.  The  most  notice¬ 
able  change  was  an  increase  in  the  DCI  of  10-20%  for  DOE  #4  fuel  over 
DOE  #1  in  the  cetane  engine.  The  DOE  #4  fuel  exhibited  generally  lower 
values  for  DCI  compared  to  DOE  #1  in  both  Ricardo  engines. 

6.7  Ranking  of  Fuels 

Ranking  of  the  fuels  was  done  using  only  the  information  from  the 
cetane  engine  test  program  since  this  was  the  only  data  that  contained 
results  for  all  ten  test  fuels.  The  fuel  related  effects  described  in 
section  6.4.2  were  reviewed,  and  those  results  having  some  consistent 
change  due  to  fuel  were  identified.  A  crude  matrix  of  the  fuels  and 
these  variables  was  prepared  and  is  shown  in  table  6-7.  The  change  in 
the  variable  from  the  DOE  #1  fuel  is  shown  as  N  for  nominal  or  no 
change,  +  for  an  increase  in  the  variable,  and  -  for  a  decrease  in  the 
variable.  The  number  of  +  or  -  signs  is  indicative  of  the  size  of  the 
change . 
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The  variables  dP/d0  and  ignition  delay  (IGN.  DEL.)  were  weighted 
most  heavily  in  the  fuel  ranking  process.  ISN0X  was  also  used  as  a 
strong  indicator,  and  the  remaining  variables  were  used  in  making  deci¬ 
sions  between  fuels  that  were  otherwise  closely  ranked.  Increases  in 
dP/d0,  ignition  delay,  and  I$N0X  were  considered  indications  of  poorer 
fuel  quality.  A  shorter  combustion  period  (COMB.  PER.)  coupled  with  a 
longer  ignition  delay  was  also  considered  to  be  an  indication  of  poorer 
combustion  of  the  fuel.  Using  these  criteria,  the  ranking  shown  in 
table  6-8  was  established  from  the  information  in  table  6-7.  It  should 
be  noted  that  the  ranking  process  was  based  entirely  on  the  output 
results  from  the  engine  and  not  on  the  measured  fuel  properties.  The 
cetane  number  of  the  ranked  fuels  is  shown  for  reference  information 
only.  It  was  not  used  in  ranking  the  fuels. 


Table  6-7 

Fuels  -  Results  Matrix  for  Use  in  Ranking*  Fuels 


Fuel 

DOE 

#1 

DOE 

#2 

DOE 

#3 

DOE 

#4 

CEC 

#1 

CEC 

#2 

CEC 

#2A 

CEC 

#3 

CAPE  #5 

CAPE  #6 

PCF 

PCI 

DC  I 

N 

N 

N 

N 

N 

N 

ISPart 

Bosch 

NO 

N 

N 

N 

N 

N  to  - 

N 

Referenced  to  DOE  #1,  N  =  no  change,  +  =  increase,  -  =  decrease 
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Ranking  of  Ten  Test  Fuels 


RANK 

FUEL 

CETANE1 

NUMBER 

NOTES 

1 

CAPE  #5 

53.1 

These  fuels  were  obviously 

2 

CEC  #1 

49.8 

the  best  and  easily  ranked 

3 

00  E  #1 

50.1 

in  this  order. 

4 

CEC  #2 

48 

These  fuels  demonstrated 

5 

00 E  #2 

41.6 

roughly  similar  behavior 

6 

CEC  #2A 

43.2 

and  considerably  more 

7 

DOE  #3 

40.7 

judgement  was  used  in  the 

8 

CEC  #3 

39.3 

ranking  process. 

9 

00  E  #4 

36.2 

These  fuels  were  obviously 

10 

CAPE  #6 

33.9 

the  worst  and  easily  ranked 
in  this  order. 

1 


Cetane  Number  included  for  reference  only,  it  was  not  used  in  ranking 
the  fuels. 


7.  Conclusions  and  Recommendations 
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Although  this  program  involved  significant  time  and  effort,  the 
conclusions  that  can  be  drawn  from  the  results  are  relatively  short  and 
direct.  The  major  conclusions  are: 

1.  The  cetane  engine  can  be  operated  at  conditions  more  represent¬ 
ative  of  commercial  design  diesel  engines  and  can  provide 
consistent  results  for  engine  performance,  emissions,  and 
combustion  characteristics.  Considerably  more  effort  and 
attention  to  detail  in  operating  and  maintenance  procedures  is 
required  for  using  the  cetane  engine  in  this  manner  than  for 
diesel  engines  of  current  design. 

2.  The  results  obtained  from  the  cetane  engine  test  program  indi¬ 
cate  that  cetane  number  is  a  good  indicator  of  fuel  behavior  i n 
the  cetane  engine.  High  cetane  number  fuels  had  good  combus¬ 
tion  and  performance  characteristics,  and  low  cetane  fuels  had 
poor  combustion  and  performance  characteristics. 

3.  For  the  comparisons  possible,  the  emissions,  performance,  and 
combustion  characteristics  of  the  cetane  engine  were  not 
readily  comparable  to  those  of  the  Ricardo  engines.  Thus,  even 
though  consistent  results  were  obtained  with  the  cetane  engine, 
their  ability  to  predict  fuel  behavior  in  current  design 
engines  is  questionable. 

4.  The  results  from  the  cetane  engine  test  program  showed  simi¬ 
larities  to  results  obtained  from  the  Ricardo  IDI  engine.  The 
similarities  were  not  sufficient  to  provide  accurate  predic¬ 
tions  about  fuel  behavior  in  the  Ricardo  IDI  engine  from  the 
cetane  engine  results. 

5.  The  results  from  the  cetane  engine  test  program  showed  few 
similarities  to  results  obtained  from  the  Ricardo  DI  engine. 
Major  discrepancies  were  noted.  It  was  obvious  that  some  of 
these  discrepancies  were  related  to  the  difference  in  combus¬ 
tion  for  DI  and  IDI  engines. 

These  conclusions  are  based  upon  a  very  restricted  comparison 
between  the  results  from  the  cetane  engine  test  program  and  some  of  the 
results  from  the  DOE/Ricardo  program.  They  should  not  be  considered 
representative  of  conclusions  that  might  be  drawn  from  comparison  of 
the  cetane  engine  data  with  results  from  a  wider  variety  of  engine  tests 
done  under  similar  conditions.  Recommendations  to  be  considered  are: 

1.  Reduce  the  remaining  DOE/Ricardo  engine  data  for  different 
speed  and  load  conditions  to  determine  if  this  larger  data  base 
will  confirm  or  alter  the  conclusions  reached  concerning  com¬ 
parison  with  cetane  engine  data. 

2.  Obtain  and  reformulate  engine  test  results  from  the  CEC  program 
so  that  comparisons  can  be  made  directly  with  the  cetane  engine 
data. 


3.  Refine  and  improve  the  data  reduction  and  analysis  process  for 
the  cetane  engine  data  to  improve  consistency  and  accuracy  of 
results,  particularly  in  the  area  of  apparent  heat  release 
computations  and  determination  of  combustion  parameters. 

4.  Investigate  testing  conditions  with  the  cetane  engine  using 
refrigerated  intake  air  to  simulate  cold  weather  operating 
conditions.  The  test  would  be  more  severe  at  light  load  con¬ 
ditions.  The  relative  behavior  of  the  primary  and  secondary 
reference  fuels  should  also  be  investigated  at  this  low  tem¬ 
perature  test  condition. 

5.  Investigate  ways  in  which  the  large  amount  of  detailed  cetane 
engine  data  generated  for  this  project  can  be  made  more  readily 
available  for  analysis  by  other  interested  parties. 
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